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Abstract
Stroke is a major cause of permanent disability worldwide. In the United States, stroke is
the leading cause of disability and the 5th leading cause of death. The cost of care associated with
stroke is expected to be $184 billion by 2030. After stroke, people commonly experience
cardiovascular disease (metabolic syndrome, coronary artery disease, myocardial infarction, and
hypertension), cognitive decline, sensorimotor disability, pulmonary dysfunction, psychological
problems, and decreased bone health. The majority of past studies of rehabilitation therapy in
stroke survivors have focused on recovery of sensorimotor function. Fewer studies have focused
on cardiovascular, cardiopulmonary, and bone health after stroke, particularly in non-ambulatory
individuals. The objective of this pilot project was to investigate the feasibility of an aerobic
walking exercise program and its effects on the following outcome measures: cardiovascular risk
factors, pulmonary function, and bone health in non-ambulatory stroke survivors.
In chapter one, we first reviewed the health sequelae after stroke focusing on
cardiovascular, pulmonary, and bone health decline. We then reviewed the pharmacological and
non-pharmacological (such as aerobic exercise) interventions for stroke survivors in general. We
finally stated the significance of this dissertation project and listed aims and hypotheses.
In chapter two, a scoping review manuscript, we focused on the health benefits of aerobic
walking exercise on cardiovascular, pulmonary, and bone health in non-ambulatory stroke
survivors. We first reviewed the current state of clinical research findings of aerobic walking
exercise in non-ambulatory stroke survivors. We summarized the health issues in the
cardiopulmonary and skeletal systems in non-ambulatory stroke survivors. We reviewed the
aerobic exercise guidelines for non-ambulatory stroke survivors. We then reviewed various
studies reporting the pros and cons of body posture (standing vs. sitting) during exercise in terms
of improvement or maintenance of health of the cardiopulmonary and skeletal systems in noniii

ambulatory stroke survivors. We finally briefly reviewed the walking assistive device that makes
walking exercise feasible for non-ambulatory stroke survivors.
In chapter three, we examined the feasibility and the effect of 8-weeks of aerobic walking
exercise on lung function in non-ambulatory stroke survivors using a treadmill, body weight
support system, and a gait training device. Lung function is compromised in stroke survivors,
which may cause fatigue and exercise intolerance. We have completed a low intensity walking
exercise program (30 minutes/session; three sessions/week for eight weeks) in 9 non-ambulatory
stroke survivors (5 males, mean age 61.8 ± 13.6 years, 8 with ischemic stroke). We showed that
8-week of aerobic walking exercise was feasible, and compliance rate was 100% among the nine
participants who completed the intervention. The attrition rate was10%. Before and after the
intervention, vital capacity (VC) and forced vital capacity (FVC) using a spirometer were
measured in eight of the participants. There were significant differences between pre- and post intervention assessments in FVC (p= 0.09), percentage of predicted VC (p= 0.08), and
percentage of predicted FVC (p= 0.08). The results are promising; however, future studies are
needed.
In chapter four, we examined the effect of low intensity aerobic walking exercise on
cardiovascular risk factors in non-ambulatory stroke survivors using a treadmill, body weight
support system, and walking assistive device. Approximately 75% of stroke survivors are prone
to having cardiovascular disease, the main cause of death in stroke survivors. However, few
efforts have been made to control risks of cardiovascular diseases, especially in non-ambulatory
stroke survivors. Nine non-ambulatory stroke survivors (age: 61.8 ± 13.6 years, 5 men, 8 with
ischemic stroke) completed the aerobic walking exercise program (three sessions/week for eight
weeks). Glycated hemoglobin (HbA1C), resting heart rate (rHR), systolic blood pressure (SBP),
diastolic blood pressure (DBP), and serum level of low-density lipoprotein (LDL) were
iv

measured pre- and post-intervention. After the intervention, there were significant differences in
HbA1c, rHR, SBP, and DBP. The results in this chapter suggest that the aerobic walking
exercise may improve cardiovascular risk factors in non-ambulatory stroke survivors.
In chapter five, we aimed to examine changes after aerobic walking exercise in bone
health in non-ambulatory stroke survivors using a treadmill, body weight support system, and a
walking training device. Stroke survivors are at high risk of bone fracture. Compared to healthy
people, stroke survivors are less active, and they tend to unload their bones on their affected
lower limbs which rapidly increase bone loss. Non-ambulatory stroke survivors are largely
losing bone health when compared to stroke survivors who walk independently. We recruited
nine non-ambulatory stroke survivors (age: 61.8 ± 13.6 years, 5 men, 8 with ischemic stroke).
They completed the aerobic walking exercise program (three sessions/week for eight weeks).
Serum concentration of osteocalcin (OC) and carboxy-terminal telopeptide of type I collagen
(ICTP) were measured pre- and post-intervention. OC increased significantly from 8.51±2.28
ng/ml to 9.39±2.97 ng/ml (p < 0.1). ICTP increased significantly from 4.45±2.58 ng/ml to
5.31±2.92 ng/ml (p < 0.1). The results suggest that the low intensity aerobic walking exercise
may improve bone health by increasing bone formation markers. However, the initial severe
disability of the participants and the nature of the aerobic walking exercise may initiate the bone
remodeling process slowly.
In conclusion, past rehabilitation interventions for stroke survivors have not focused on
controlling risks of pulmonary and cardiovascular diseases and bone loss, especially in strokes
survivors who could not walk independently. To date, there have been very few clinical trials
that attempted to examine the effects of aerobic walking exercise on risks of pulmonary function,
cardiovascular disease, and bone health in non-ambulatory stroke survivors. The results of this
dissertation project show that the low-intensity, aerobic walking exercise is feasible and might
v

improve pulmonary function, cardiovascular health, and bone health in non-ambulatory stroke
survivors.
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Chapter 1: Introduction

1

Stroke is a major cause of permanent disability worldwide.1 In the United States, stroke is
the leading cause of disability and the 5th leading cause of death. The cost of health care for
stroke survivors is expected to be 184 billion by 2030.2 Every 40 seconds in the United States
there is a new case of stroke; and as a result, there are nearly 795,000 stroke cases each year,
with 87% of those being ischemic strokes.2 In addition to sensorimotor impairment, people after
stroke commonly experience cardiovascular disease (i.e. metabolic syndrome, coronary artery
disease, myocardial infarction, and hypertension), cognitive decline, sensorimotor disability,
pulmonary dysfunction, psychological problems, and bone health declinations.3-10 Previous
studies have reported that pharmacological and non-pharmacological rehabilitation programs
may help stroke survivors improve their motor skills and quality of life.3,11,12 The majority of
those studies have focused on recovery of sensorimotor function, while fewer studies have
addressed health issues related to the cardiovascular system, pulmonary function, and bone
health, particularly in non-ambulatory individuals.13-15

Diminished health after stroke
Stroke survivors often suffer from depression,8,9 impaired cognition,5,6 decreased balance
control,6 impaired upper limb motor function,5 limitations in walking ability,6,16,17 and
negatively-altered muscle physiology in the affected limb.18-20 In addition, stroke survivors
commonly present with cardiovascular dysfunctions,3,4,15,21-23 impairments in pulmonary
function,7 and deterioration in bone health.10,24-26
Cardiovascular dysfunction after stroke
Stroke survivors commonly present with cardiovascular dysfunction including, increased
resting heart rate, increased insulin resistance, increased blood pressure, and altered lipids
profile. About 75% of stoke survivors suffer from cardiac disease, a prominent cause of death
after stroke.3,4,15,21-23 Impairments in cardiovascular system reduce fitness level, which restricts
2

stroke survivors from activities of daily living and predisposes them to cardiac diseases.20,27-29
Compared to healthy people with sedentary lifestyles, stroke survivors present with a reduced
fitness level by almost 50% and reduced cardiac output, which negatively affect engaging in
daily physical activities.30-32 The reduced fitness level is often related to an increased risk of
cardiovascular diseases and mortality.31-33 Stroke survivors often present with an elevated resting
heart rate, due to prolonged bed rest and sedentary lifestyle, a risk factor for cardiac diseases
such as myocardial infarction.27,34 More than half of nondiabetic stroke survivors have insulin
resistance during the subacute stage of stroke and are prone to diabetes mellitus.19,35 Blood
pressure is elevated in almost 80% of stroke survivors,36 which is one of the risk factors for
recurrent stroke and cardiac disease. More than half of hypertensive stroke survivors have
uncontrolled blood pressure.37-40 More than 50% of stroke survivors have impaired lipid profile,
which is a risk factor for recurrent stroke.36,40 In general, stroke survivors are at higher risk of
stroke recurrence and/or cardiovascular disease, which may lead to severe disability or
death.19,20,35,41
Impairments in pulmonary function after stroke
Stroke survivors often have impaired lung function, which may significantly hinder
performance in daily activities and increase the risk of cardiovascular disease.7 Stroke survivors
have abnormal lung function and impaired breathing pattern due to weaknesses in respiratory
muscles, sedentary lifestyle, damage to relevant neural pathways, and diaphragm
hemiparesis.20,42-45 For instance, stroke survivors had a lower tidal volume during submaximal
exercise when compared to sedentary, healthy people.46 Stroke survivors are at higher risk of
pneumonia, aspiration, and sleep-disordered breathing, which might lead to stroke recurrence
and other comorbidites.45 Impairments in lung function predispose stroke survivors to rapid
fatigue and exercise intolerance, which significantly limit their functional activities of daily
3

living and their participation in rehabilitaiton programs.42 Especially in those with severe stroke
impairments, expiratory muscles are weak, which may lead to restrictive breathing.47 Reduced
lung function in stroke survivors increases the risk of recurrence of stroke 48 and risk of
pulmonary infection due to an inability to efficiently clear the lungs from mucus.49,50
Declination of bone health after stroke
Stoke survivors often experience deterioration in bone health, especially in the affected
limbs, which may increase the risk of bone fractures.26 In stroke survivors, levels of bone
formation markers are significantly lower and levels of bone resorption markers are significantly
higher compared to healthy controls.10 When compared to healthy individuals, osteoporosis is
more common in stroke survivors even after a year of stroke onset.51 Loss of bone health is
largely noticed within six months of stroke onset and is associated with vascular rigidity, motor
impairments, reduced fitness levels, and functional limitations.10,24-26,52 While bone health
deterioration occurs mostly during the subacute stage of stroke,25,53 changes in bone health has
not been systematically studied.

Treatment options for stroke survivors
Pharmacological interventions are popular among stroke survivors. Alteplase,
antiplatelet, and antihypertensive drugs are administrated after stroke to control stroke symptoms
and prevent stroke recurrence. Results of clinical trials are still uncertain, and those drugs should
be used with caution since they are not appropriate for all stroke survivors.11,12 Pharmacological
and psychological treatments are implemented after stroke to deal with depression; however, the
results regarding their effectiveness are still under debate.54,55 In addition, some antidepressants
may cause brain bleeds and osteoporosis.56,57 Calcium and vitamin D supplementations are given
to stroke survivors to maintain bone health; but their effectiveness is still controversial.53

4

Bisphosphonates and teriparatide are used to treat osteoporosis post-stroke; however, their side
effects might limit their prescriptions.53
On the other hand, physical exercise has been recommended as a safe intervention during
all stages after stroke. The effects of exercise on pulmonary function, cardiovascular function,
and bone health after stroke are summarized in the following section.
Aerobic exercise (AE)
Benefits of AE during the subacute and chronic phases of stroke have been supported by
research evidence. AE is feasible and improves cardiopulmonary fitness in people with mild or
moderate subacute stroke.58-62 AE enhances fitness level,3,60,63 walking ability and distance, 3,60,6366

vascular health in upper limbs,61 and reduces resting heart rate 18 in people with mild and

moderate subacute stroke. In a pilot study during the subacute stage, stroke survivors who
received a combination of endurance, strength, and gait exercises improved their
cardiopulmonary fitness and functional capacities compared to stroke survivors who received a
standard rehabilitation program.67
AE improved maximum oxygen consumption,5,6,8,29,68,69 walking distance and velocity,
5,6,29,69
68

peripheral and central blood flow,70,71 right atrium and ventricular functions,72 workload,

tolerance to exercise,68 systolic blood pressure during exercise,68 free fatty acid and lipid

profiles,73 and reduced insulin resistance 35 in people with mild and moderate chronic stroke. A
significant relationship between improvement of exercise capacity and functional outcomes has
been reported.68 In a study conducted in ambulatory patients with chronic stroke, a combined
rehabilitation program of muscle strengthening and AE enhanced lower limb strength, increased
walking speed, and increased ability to climb a stair.74 Physical exercise can increase loads on
bones that may maintain or even improve bone health in chronic stroke survivors.25 A 19-week

5

AE intervention improved the health of the femoral neck and tibia bone in people one year after
stroke.75,76
Other exercise programs
Past studies have explored effects of other exercise programs in stroke survivors. In
people with mild and moderate chronic stroke, tai chi improved endurance level,77 motor
function,77 standing balance,78,79 quality of life,77,79 and reduced fall rates.77 Yoga improved
mobility 80 and balance,80,81 but not anxiety and depression.82 Water-based exercise improved
fitness level,83 walking speed 83,84 and lower limb strength 83,85 in chronic stroke survivors.
Previous studies have also reported benefits of endurance,86,87 resistance,86,87 and balance
exercise programs in stroke survivors.87,88 Most of above-mentioned studies failed to evaluate
their benefits on pulmonary, cardiovascular, and bone health in their participants.

Significance
Most rehabilitation interventions for stroke survivors are designed to improve
sensorimotor function, but few efforts have been placed on controlling risks of pulmonary and
cardiovascular diseases.13-15 Lung function is compromised in stroke survivors and may cause
fatigue and exercise intolerance.42 About 75% of stroke survivors are prone to have
cardiovascular diseases, the main cause of death in stroke survivors.3,4,21-23 Stroke survivors are
prone to diabetes mellitus due to an increase in fat tissues in their affected limbs.19,35 Bone loss
after stroke is associated with vascular elasticity, a marker of vascular system health,52 and bone
loss after stroke places stroke survivors at higher risk of bone fractures.26 Previous studies have
indicated that AE is feasible and may improve cardiopulmonary fitness,58-61 vascular health, and
reduce metabolic disorders in people after stroke.33,61 AE, specifically, low intensity ergometer
exercise, improved glucose tolerance and lipid profile in people with severe stroke.89 However,
many previous studies of AE have involved stroke survivors who could walk independently.58-61
6

In studies of those who were not able to walk, outcome measures of risk of cardiovascular
diseases were not included.32 Approximately 63% of stroke survivors cannot walk independently
at stroke onset and 22 to 50% of them do not recover walking ability despite receiving
rehabilitation.90-97 In non-ambulatory stroke survivors, there is limited information regarding the
effects of AE on risks of pulmonary function, cardiovascular disease, and bone health 58,89 even
though they are at higher risk of these diseases.59,89 In addition, severely impaired stroke
survivors are readmitted to the hospital more and their healthcare services cost more when
compared to stroke survivors with mild impairments.98-100 Thus, it is important to provide nonambulatory stroke survivors with an effective AE program to minimize the burden of healthcare
costs and to prevent or, at least, alleviate secondary complications. Because of the development
of new technology, it is now feasible to conduct an aerobic walking exercise program in nonambulatory stroke survivors using a treadmill, body-weight support system, or a robotic assistive
device.31,32,101,102
The proposed project seeks to examine the feasibility of an aerobic walking exercise
program for improving pulmonary function, cardiovascular health, and bone health in nonambulatory stroke survivors. Through the proposed project, we hope to find a way to decrease
pulmonary impairments, cardiovascular risk factors, and deteriorations in bone health in nonambulatory stroke survivors. Comorbidities after stroke, such as diabetes and hypertension, may
significantly decrease life expectancy. In a recent study, life expectancy of diabetic patients was
reported to be 11.1 years shorter when compared to a healthy population.103 If the results of our
project support our hypotheses, it may indicate that aerobic walking exercise might contribute to
the improvement of quality of life and life expectancy of non-ambulatory stroke survivors.

Specific Aims and Statement of Hypotheses

7

Physical inactivity is often a consequence of sensorimotor impairment in stroke survivors
and can lead to a decline in pulmonary, cardiovascular, and bone health. Partly due to physical
inactivity, stroke survivors, especially non-ambulatory ones, are at much higher risk of
pulmonary and cardiovascular diseases, bone loss, and recurrent stroke. Aerobic exercise, such
as walking, is feasible to perform and effective for improving pulmonary, cardiovascular, and
bone health in people after stroke. However, previous studies have targeted only those with
mild/moderate impairments and the ability to walk independently. There is limited information
regarding the effect of aerobic exercise interventions on the risks of pulmonary and
cardiovascular diseases and bone loss in non-ambulatory stroke survivors. Despite intensive
rehabilitation, 22 to 50% of stroke survivors remain non-ambulatory and are at high risk of
additional pulmonary and cardiovascular diseases and/or bone health declines.
The goal of this dissertation project is to determine the feasibility of an assisted- aerobic
walking exercise program for improving pulmonary function, cardiovascular risk factors, and
bone health in non-ambulatory stroke survivors. Study participants will undergo an aerobic
walking exercise program using a treadmill, body weight support system, and an assistive
walking device,
Aim 1: To investigate the feasibility of eight weeks of aerobic exercise through an
assisted-walking intervention in non-ambulatory stroke survivors.
We will report on feasibility data, which includes recruiting procedures (number of
participants contacted, number of participants qualified, and number of participants enrolled),
compliance rate, and attrition rate among study participants. In addition, we would include the
participants’ opinions regarding our intervention and the walking assistive device.

8

Aim 2: To investigate the effect of eight weeks of aerobic exercise through an
assisted-walking intervention for improving pulmonary function in non-ambulatory stroke
survivors.
Our hypotheses are that vital capacity (VC) (H1-2) and forced vital capacity (FVC) (H22) will be significantly increased after the completion of the intervention.
Aim 3: To investigate the effect of eight weeks of aerobic exercise through an
assisted-walking intervention for improving cardiovascular risk factors in non-ambulatory
stroke survivors.
Our primary hypotheses are that the level of glycated hemoglobin (HbA1c) (PH1-3) and
resting heart rate (PH2-3) will be significantly decreased after the completion of the intervention.
Our secondary hypotheses are that resting blood pressure (SH1-3) and serum level of
low-density lipoprotein (LDL) (SH2-3) will be significantly decreased after the completion of the
intervention.
Aim 4: To investigate the effect of eight weeks of the aerobic exercise through an
assisted-walking intervention for improving markers of bone health in non-ambulatory
stroke survivors.
Our hypotheses are that serum level of osteocalcin (OC), a marker of bone formation,
(H1-4) will be significantly increased and serum level of carboxy-terminal telopeptide of type I
collagen (ICTP), a marker of bone resorption, (H2-4) will be significantly decreased after the
completion of the intervention.
Exploratory aim: We will investigate the effect of the intervention on depression,
walking ability, and balance in non-ambulatory stroke survivors. We will use Patient Health
Questionnaire-9 (PHQ-9), Functional Ambulation Category (FAC), and the Berg Balance Scale
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(BBS) to measure the depression, walking ability, and balance pre- and post-intervention,
respectively.

10
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Chapter 2: Potential benefits of aerobic walking exercise in non-ambulatory
stroke survivors: A Scoping Review
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Abstract
Stroke is the leading cause of long-term disability worldwide. After stroke, people
commonly experience additional cardiovascular disease, cognitive declination, sensorimotor
disability, pulmonary dysfunction, psychological problems, and bone health declinations. In
stroke rehabilitation research, most of previous studies focused on recovery of sensorimotor
function, with few studies examined outcomes in cardiopulmonary, cardiovascular, and bone
health, particularly in non-ambulatory individuals who are at even higher risk of secondary
complications. In this scoping review, we focused on the health benefits of aerobic walking
exercise on cardiovascular, pulmonary, and bone health in non-ambulatory stroke survivors. We
first reviewed the current state of clinical research findings of aerobic walking exercise in nonambulatory stroke survivors. Then, we discussed the health issues in cardiopulmonary system
and bones in non-ambulatory stroke survivors, and the aerobic exercise guidelines for nonambulatory stroke survivors, and whether walking exercise was recommended for them. We
discussed the exercise position (standing vs. sitting) to see which exercise position would be
recommended to improve or at least maintain the health of cardiopulmonary system and bone in
non-ambulatory stroke survivors. We finally discussed the walking assistive devices that make
walking exercise feasible for non-ambulatory stroke survivors.

Key words: Stroke; non-ambulatory; walking; cardiovascular; cardiopulmonary; bone
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Introduction
Stroke is the leading cause of long-term disability worldwide.1 After stroke, people
commonly experience additional cardiovascular disease (metabolic syndrome, coronary artery
disease, myocardial infarction, and hypertension), cognitive decline, sensorimotor disability,
pulmonary dysfunction, psychological problems, and bone health declinations.2-9 Previous
studies reported that pharmacological and non-pharmacological rehabilitation programs may
help stroke survivors improve their motor skills and quality of life.2,10,11 Many of those studies
focused on recovery of sensorimotor function, while few studies focused on cardiopulmonary,
cardiovascular, or bone health after stroke, particularly in non-ambulatory individuals 12-14 who
are at high risk of secondary complications.15,16 Cumulative findings of clinical studies have
indicated that more than 50% of stroke survivors are disabled to some degree, despite intensive
acute care and rehabilitation training.17 Regarding gait impairment, about 57 to 63% of stroke
survivors cannot walk independently at stroke onset and 22 to 50% of them remain nonambulatory after intensive rehabilitation.17-24 In addition, standard rehabilitation programs for
stroke survivors with severe disabilities do not induce enough aerobic effect.25,26 Nonambulatory stroke survivors are physically inactive; and therefore, are at even higher risk of
pulmonary dysfunction, cardiovascular disease, osteoporosis, and metabolic syndrome.27-29 In
this scoping review, we will review health benefits of aerobic walking exercise on the
cardiopulmonary system and bones of stroke survivors who cannot walk independently. We will
review the current state of clinical research findings of effect of aerobic exercise on pulmonary
function, cardiovascular risk factors, and bone health in non-ambulatory stroke survivors. Then,
we will discuss health issues in the cardiopulmonary system and bones in non-ambulatory stroke
survivors and clinical guidelines as well as possible barriers for walking exercise in nonambulatory stroke survivors. We will compare pros and cons of mode of exercise (standing vs
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sitting) in terms of improvement in cardiovascular, cardiopulmonary, and bone health through a
review of indirect evidences, focusing on why we think walking exercise would be better for
non-ambulatory stroke survivors. Finally, we will discuss recent development in technology that
makes a walking exercise feasible for non-ambulatory stroke survivors in rehabilitation.

Methods
In this scoping review, we focused mainly on the effect of aerobic exercise on pulmonary
function, cardiovascular risk factors, and bone health in non-ambulatory stroke survivors.
MIDLINE (PubMed), the Cumulative Index to Nursing and Allied Health Literature (CINAHL),
and Physiotherapy Evidence Database (PEDro) were searched comprehensively to find clinical
trials about the effect of aerobic exercise on cardiovascular risk factors, pulmonary function, and
bone health in non-ambulatory stroke survivors. The following terms were utilized to identify
potential studies: “non-ambulatory stroke”, “disabled stroke”, “wheelchair users”, “wheelchair
bounded”, “dependent stroke”, “severely impaired stroke”, “heart rate”, “cardiovascular”, “blood
pressure”, “lipid profile”, “low density lipoprotein”, “high density lipoprotein”, “total
cholesterol”, “triglycerides”, “glucose”, “insulin”, “A1c”, “glycated hemoglobin”, “pulmonary
function”, “respiratory function”, “lung function”, “respiratory indices”, “respiratory
parameters”, “bone health”, “bone density”, “bone markers”, “aerobic exercise”, “walking
training” “walking exercise” “gait training”, “locomotor training”, “robot-assisted”, “treadmill
training”, “body weight support”, “ergometer”, “cycling”, “stationary bike”.
We included studies that were written in English, recruited non-ambulatory stroke
survivors (£ 2 on functional ambulation category (FAC) 30 or stated that participants were not
able to walk or were totally dependent), utilized aerobic exercise, and reported on pulmonary
function, cardiovascular risk factors, or bone health measurements. We excluded case reports,
protocols articles, review articles, and cross-sectional studies.
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After retrieving full articles, studies and references from selected studies were
investigated to identify any study met our inclusion criteria by two reviewers (AA and RA) to
make sure that all included studies met our selection criteria. WL was the third reviewer to
resolve any disagreement in selection of studies.

Results
Figure 1 shows the searching and selection process of related studies. After searching the
databases, 397 studies were found, and the number of those studies was decreased to 43 studies
that included only non-ambulatory stroke survivors. Those 43 studies utilized either walking
training 31-63 or exercise from seated position 16,64-66 for non-ambulatory stroke survivors. Of
those 43 studies, only seven 16,36,38,47,56,60,66 studies met our selection criteria (table 1). The 27 of
excluded studies did not include at least one of three primary measurements, i.e. pulmonary
function, cardiovascular risk factors, or bone health measurements, but reported on walking
ability, quality, or parameters,31-35,37,39,48,49,51-54,58,59,61-63,67,68 motor function,34,37,39,51,52,54,58,59,68
fitness level,40 brain plasticity,41 muscle thickness,69 muscle activities,64 and feasibility.42,43,55
The reasons for excluding other 9 studies included non-ambulatory stroke survivors but did not
meet our selection criteria such as cross sectional studies,44,65 weight bearing assessment study,45
walking assessment study,46 study protocol,70 not written in English, 71 jumping exercise
intervention,72 and case reports.50,57

Discussion
Aerobic exercise in non-ambulatory stroke survivors (with focus on measurements of
cardiovascular risk factors, pulmonary function, and bone health)
There is limited information about the effects of aerobic exercise on pulmonary function,
cardiovascular risk, and bone health in non-ambulatory stroke survivors. We found only seven
studies 16,36,38,47,56,60,66 that focused on non-ambulatory stroke survivors and reported outcomes in
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cardiovascular risk factors (table 1). None of these selected studies 16,36,38,47,56,60,66 reported
results on pulmonary function or bone health. In a Cochrane review published in 2016,73 only
two trials 16,59 out of 58 trials focused on non-ambulatory stroke survivors. In 2017, a metaanalysis 74 that investigated the effect of aerobic exercise on cardiovascular risk following stroke
included only one study 16 in non-ambulatory stroke survivors.
All selected studies 16,36,38,47,56,60,66 were conducted during acute or subacute phases after
stroke, and neither of them included any variable regarding pulmonary function or bone health.
Those selected studies reported on some of cardiovascular risk factors such as blood
pressure,36,47,56 heart rate,16,36,38,47,56,60 both high- (HDL) and low-density lipoprotein (LDL)
cholesterols,16,66 total triglycerides,16,66 insulin and glucose levels,16,66 and brachial–ankle pulse
wave velocity 47 which is an indicator of arterial stiffness (table 1).
In all selected studies,16,36,38,47,56,60,66 statistically significant differences between groups
were reported in peak heart rate,60 fasting insulin,16 2-hour glucose level,16,66 homeostasis model
assessment–insulin resistance,16,66 glucose tolerance states,16 total triglycerides,16 and brachial–
ankle pulse wave velocity.47 On the other hand, non-statistically significant differences between
groups were found in resting heart rate,16,36,47,60 peak heart rate, 16,36,38,47,56,66 resting blood
pressure,47 peak blood pressure,36,47,56 HDL cholesterol,16,66 LDL cholesterol,16,66 fasting
insulin,66 fasting glucose,66 and total triglycerides.66
The lack of improvement in resting heart rate,16,36,47,60 peak heart rate,16,36,38,47,56,66 resting
blood pressure,47 peak blood pressure,36,47,56 and lipid profile 16,66 may be due to following
reasons. First, the participants in those studies 16,36,47 were within less than one month 36,47 or less
than six months 16 post stroke while their resting heart rate and resting blood pressure were still
within the normal range. Second, medications that might affect peak heart rate or peak blood
pressure were not controlled,36,38,47,56 which might significantly influence their results. In
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addition, it is recommended that a minimum of 8 weeks of aerobic exercise is needed to improve
cardiovascular health after stroke.75 The training period in those studies 16,36,47,60,66 (2 to 6 weeks)
may be too short to induce significant differences in outcome measurements. Last but not least,
the lokomat or locomotor walking training,36,47,60 treadmill training with body weight support,38
or ergometer aerobic training 16,66 might provide insufficient challenge during the training to
cardiovascular system of the participants.
Health Issues in the Cardiopulmonary System and Bone in Non-ambulatory Stroke Survivors
Non-ambulatory stroke survivors commonly present with serious cardiovascular
complications. Compared to healthy people with sedentary lifestyle, stroke survivors present
with a reduced fitness level by almost 50% and reduced cardiac output, which affect negatively
their engaging in daily physical activities.36,40,76 The reduced fitness level is often related to an
increase in risk of cardiovascular diseases and mortality.36,40,66 Hypertension is prevalent in
almost 80% of stroke survivors after they discharged from the hospital.77 Non-ambulatory stroke
survivors are at higher risk of cardiovascular disease compared to ambulatory stroke survivors.76
Non-ambulatory stroke survivors are prone to deep vein thrombosis, which might cause sudden
death once it reaches the lungs or heart.78 Furthermore, non-ambulatory stroke survivors who did
not have diabetes before stroke onset are prone to develop diabetes mellitus.16 Non-ambulatory
stroke survivors are at high risk of glucose intolerance, which can increase the risk of
atherosclerosis, myocardial infarction, and recurrent stroke.16 Although 75% of stroke survivors
are prone to cardiovascular disease that is a prominent cause of death post-stroke,79 information
regarding cardiovascular health in non-ambulatory stroke survivors is relatively limited.14,76
Non-ambulatory stroke survivors often exhibit decline in lung function. Non-ambulatory
stroke survivors are physically inactive with a sedentary lifestyle 29 which leads to poor lung
function.80 Impaired lung function in stroke survivors usually hinders performance in daily
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activities and increases the risk of cardiovascular disease.6 Abnormal lung function and impaired
breathing in stroke survivors may be due to weaknesses in respiratory muscles, sedentary
lifestyle, damage to relevant neural pathways, and diaphragm hemiparesis.81-84 For instance,
stroke survivors during subacute stage showed a lower tidal volume during submaximal exercise
when compared to sedentary healthy people.85 Impairments in lung function predispose stroke
survivors to rapid fatigue and exercise intolerance, which significantly limit their functional
activities of daily living and their participation in rehabilitaiton programs.81 Impairments in lung
function also increase the risk of recurrence of stroke 86 and risk of pulmonary infection because
of the inability to clear up the lungs efficiently of mucus.87,88
Non-ambulatory stroke survivors might lose their bone density and bone mass rapidly.
Due to a decrease in limb loading, non-ambulatory stroke survivors are at higher risk of rapid
bone loss when compared to stroke survivors who are able to walk.89 In general, stroke survivors
often experience deterioration in bone health, especially in the affected limbs, which increases
the risk of bone fractures.90 In stroke survivors, bone formation markers are significantly lower
and bone resorption markers are significantly higher compared to healthy adults.9 Osteoporosis is
common in stroke survivors during the first year after stroke onset when compared to healthy
individuals.91 Loss of bone health is noticed largely within six months of stroke onset and is
associated with vascular rigidity, motor impairments, reduced fitness level, and functional
limitations.9,90,92-94 In a rodent model of ischemic stroke using female rat, bone resorption and
osteoclast activities were increased in the femoral and tibial bones of the hemiplegic sides one
week post stroke.95 N-terminal propeptide of type 1 procollagen, a bone formation marker, was
significantly decreased in male rats after 28 days of stroke onset. However, cortical and total
bone volumes were higher in control male rats compared to rats with stroke.96
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Although aerobic walking exercise may possess the potential for improvement in
cardiovascular systems in non-ambulatory stroke survivors, it has not been recommended by
exercise guidelines. Current guidelines for adult stroke rehabilitation proposed by the American
Heart Association recognize the promising results of walking exercise in non-ambulatory stroke
survivors, but did not strongly recommend its clinical application due to currently insufficient
supporting evidence.97,98 The guidelines strongly encourage future research to explore the
broader application and effectiveness of assisted gait training to benefit cardiovascular and
pulmonary systems after stroke.
Why Aerobic Walking Exercise?
Due to the limited number of clinical studies, we are unable to fully evaluate the potential
for aerobic walking exercise to improve cardiopulmonary and bone health in non-ambulatory
stroke survivors. Even though direct evidence from clinical trials are lacking, we present
information on several important aspects in which indirect evidence strongly implies there are
potential benefits of aerobic walking exercise for cardiopulmonary and bone health in nonambulatory stroke survivors.
Aerobic walking exercise may improve cardiovascular health in non-ambulatory stroke
survivors through elevation of heart rate during exercise. A previous study reported that walking
exercise prevented diabetes in stroke survivors.99 Non-ambulatory stroke survivors may develop
deep vein thrombosis during the first few months after stroke onset.78,100 Ivey et al.101 observed
that a single session of low intensity aerobic walking exercise immediately enhanced endogenous
fibrinolysis in chronic stroke patients. Increased fibrinolysis can reduce the risk of deep vein
thrombosis because it breaks down fibrin of blood clots. Exercise in an upright position (i.e.
walking) is optimal for increasing heart rate, which is essential for beneficial outcomes.102 When
compared to lying and sitting, standing can significantly elevate heart rate. Due to gravitational
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force, standing causes a decrease in venous return and leads to an elevated heart rate in order to
maintain cardiac output.103 During stroke rehabilitation, a positive correlation has been reported
between time spent in the aerobic heart rate zone and time spent standing. In contrast, a negative
correlation was found between time spent in the aerobic heart rate zone and time spent sitting.104
An increased heart rate raises blood pressure and shear stress against the vessel walls and
enhances vessel health and vasodilation function.105
Aerobic walking exercise may improve cardiopulmonary fitness level in non-ambulatory
stroke survivors through activation of lower limb muscles. Exercise targeting lower limb muscles
leads to greater gains in fitness level compared to exercise of upper body because leg muscles are
larger and more powerful.83,106 Past studies reported that aerobic walking exercise improves
cardiopulmonary fitness level in stroke survivors.15,107 Passive walking, using robot-assisted
treadmill training, increases oxygen uptake due to contraction of large leg muscles in the
unaffected side.108 During assisted walking, muscles in the affected lower limb are activated
through central pattern generators (CPGs) in the spinal cord. CPGs are stimulated by loading on
hip joint and are guided by afferent inputs from lower limbs’ sensory receptors.109 The maximum
oxygen uptake in stroke survivors is 50% lower when compared to healthy and sedentary peers
with similar ages. Increasing oxygen uptake is crucial for stroke survivors in performing their
daily living activities.36,40,76,83
Past studies in healthy people and individuals with other health conditions have reported
that aerobic walking can stress the cardiovascular and cardiopulmonary systems more effectively
than exercise in sitting position. In a cardiopulmonary stress test controlled at 85% of the agepredicted maximum heart rate, healthy adults exhibited a significantly higher heart rate, blood
pressure, and oxygen consumption when tested on the treadmill compared to an arm
ergometry.110 In individuals with heart failure, the maximal cardiopulmonary test on a treadmill
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resulted in higher heart rate reserve and peak oxygen consumption when compared to tests on a
cycloergometer.111 In an incremental test, patients with incomplete spinal cord injury showed a
higher maximum oxygen consumption when tested using a robot-assisted treadmill compared to
an arm ergometer.112 Walking may be a better modality than sitting for stressing the
cardiovascular and cardiopulmonary systems, due to an increase in the myocardium oxygen
demand 110 and the activation of larger muscles.112
Aerobic walking may help maintain normal physiology of the muscles in the trunk and
lower limbs of people after stroke. Non-ambulatory stroke survivors are usually physically
inactive,16 which leads to a decrease in muscle oxidative capacity 75,113 and transformation of
muscle fibers to type II that are easily fatigable and resist glucose uptake due to lower sensitivity
to insulin.75,83,113 Aerobic walking exercise can provide the needed loading to prevent lower limb
muscle atrophy 114 and improve trunk muscle function and balance control.113,115
Aerobic walking exercise may stimulate sensory and motor neurons in the central
nervous system through afferent inputs to induce neuroplasticity in the brain and enhance CPGs
in spinal cord, which may result in improvement in capability for locomotion and daily living
function in stroke survivors.24,27,109,113,116-118 Aerobic walking exercise using a treadmill increases
the neural activity in the premotor cortex of healthy subjects and in the affected and unaffected
hemispheres of stroke survivors.117,118 In addition, basic walking is partially regulated by CPGs
located in the spinal cord, which is intact in stroke survivors.109,118 Inputs into CPGs from both
supraspinal centers and proprioceptive sensors located in muscles and joints of lower limbs are
important for producing a high quality walking pattern.109,118 For instance, loading on the hip
joints and extensor muscles of lower limbs facilitated walking in healthy adults and people with
spinal cord injury, due to enhanced activity of CPGs.109 Walking velocity and endurance were
increased after walking exercise using treadmill in ambulatory stroke survivors.119 Some of non29

ambulatory stroke survivors may regain walking ability after a walking exercise program.24 For
instance, some non-ambulatory stroke survivors regained walking ability after 4 weeks of
treadmill walking using a body-weight support system during the early stage of stroke onset.120
Furthermore, aerobic walking exercise may improve bone health in non-ambulatory
stroke survivors. Loading exercise such as walking is effective in preventing bone loss.114
Loading on bones during walking helps maintain bone density by stimulating biological factors
of bone formation.89,114 In a study of ambulatory stroke survivors, those who completed 19
weeks of aerobic walking and weight bearing exercises improved their bone health compared to
participants in a control group who completed 19 weeks of seated, upper limb exercise.121,122
Through a comparison of measured bone density between runners and cyclists, past studies
demonstrated the role of loading in maintaining bone quality.123,124 In people with paraplegic
spinal cord injury, a group who completed 12 weeks (3 sessions/week) of walking training
significantly increased biomarkers of bone formation and bone density of the femur and lumbar
spine when compared to the group that received regular exercises.125 Furthermore, in people with
quadriplegic spinal cord injury, a group who completed 6 months (2 sessions/week) of treadmill
walking exercise showed a significant increase in biomarkers of bone formation and decrease in
biomarkers of bone resorption when compared to a group who received sitting exercise.126 To the
best of our knowledge, no study has investigated the effect of walking on bone health in nonambulatory stroke survivors; and therefore, future studies on the issue are needed.
Past studies in the last two decades have demonstrated that even periodic standing breaks
from prolonged sitting can provide health benefits in the cardiovascular system. The American
College of Sports Medicine recommends that people with a sedentary lifestyle break up their
prolonged sitting time with periodic standing in order to reduce the risk of metabolic
disorders.127 Standing decreases the risk of obesity 128 and level of plasma glucose 129 in healthy
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office workers. Standing requires continuous contraction of trunk and lower limb muscles, which
may lead to an improvement in blood glucose levels and lipid profiles.129-131 In overweight and
obese adults with sedentary lifestyles, interrupting prolonged sitting time with low intensity
walking significantly decreased systolic and diastolic blood pressure.132
Aerobic walking exercise can improve the mood of people who sit a prolonged amount of
time in their jobs or leisure, which may extend to non-ambulatory stroke survivors. In healthy
office workers, breaking up sitting time by using the sit-stand desk for 4 weeks improved
mood.133 In chronic stroke survivors, mood was correlated with time spent on their feet,
indicating that higher levels of depression led to less time spent standing.134 In addition, 12
sessions of walking exercise decreased depression in chronic stroke survivors.135 12 weeks (3
times/week) of walking improved the mood of women with breast cancer receiving
chemotherapy when compared to not walking.136 Since mood disturbances are one of the
common symptoms affecting stroke survivors 137 and are more common in stroke survivors who
have moderate to severe motor disabilities,138 we believe that a walking exercise program would
improve the mood of non-ambulatory stroke survivors and may lead to the improvement in their
interactions with other people.135,139
Current Development in Technology Making Aerobic Walking Exercise Feasible
Recent developments in new technology, especially in body-weight support and robotassisted gait training, have made walking exercise feasible for non-ambulatory stroke
survivors.36,40,140,141 For instance, in a past study non-ambulatory subacute stroke survivors were
trained using a robot-assisted treadmill for four weeks.40 In a different study, the investigators
recruited subacute stroke survivors and trained them using robot-assistance for four weeks.140 In
a recent systematic review and meta-analysis,76 11 studies used 4 different assistive walking
devices during walking training for non-ambulatory stroke survivors. Treadmill gait training with
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some type of assistive devices have had no report of any adverse events. Although walking
exercise is feasible for non-ambulatory stroke survivors, they might not engage in walking in
community settings due to a lack of assistive devices. Assistive devices are expensive and
require professional therapist to operate them.76 Thus, we believe it is important to provide nonambulatory stroke survivors with access to walking assistive devices and body-weight support
systems by developing affordable training devices through future research and development.

Conclusion
Past rehabilitation interventions for stroke survivors have not focused on controlling risks
of cardiovascular and cardiopulmonary diseases, especially in strokes survivors who cannot walk
independently. To date, there has been a limited number of clinical trials that have attempted to
examine the effects of aerobic walking exercise on risks of pulmonary function, cardiovascular
disease, and bone health in non-ambulatory stroke survivors. However, a large number of
indirect, supporting evidence in past studies strongly indicate the great potential of walking in
non-ambulatory stroke survivors. Thus, future studies should focus on the feasibility, efficacy,
and revision of guidelines regarding aerobic walking and its effects on cardiopulmonary and
bone health in non-ambulatory stroke survivors.
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Table 1: Details about studies which met selection criteria.

Reference Level
Time since
of
stroke
walking

Teixeira
et al. 56

FAC ≤
2

Within 4
weeks post
stroke

Mehrholz
et al. 60

FAC ≤
2

Within 6
weeks post
stroke

Chang et
al. 36

FAC <
2

Within a
month of
stroke
onset

Hoyer et
al. 38

FAC ≤
2

1 to 6
months
post stroke

Intervention
group

Control group Results of
variables related
to CV risk factors,
pulmonary
function, or bone
health
Received
Received daily No statistically
walking
regular
significant changes
training with
physical
in peak systolic and
body weight
therapy for 2
diastolic blood
support system to 3 weeks
pressure, and peak
(20 minutes/day
heart rate between
for 2 to 3
groups
weeks) +
regular physical
therapy
Received
Received
No statistically
repetitive
conventional
significant changes
locomotor
physical
in resting heart rate
training (20
therapy (45
between groups.
minutes) +
minutes), (5
Statistically
conventional
days/week for significant changes
physical
4 weeks)
found in peak heart
therapy (25
rate between
minutes), (5
groups
days/week for 4
weeks)
Received
Received daily No statistically
lokomat
conventional
significant changes
walking
physical
in resting and peak
training (40
therapy (100
heart rate, and peak
minutes) +
minutes), (5
systolic and
conventional
days/week for diastolic blood
physical
2 weeks)
pressure between
therapy (60
groups
minutes), (5
days/week for 2
weeks)
Received
Received daily No statistically
Treadmill
conventional
significant changes
training with
physical
in peak heart rate
body weight
therapy and
between groups
support (30
overground
minutes) +
walking
conventional
training (60
physical
minutes), (5
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Wang et
al. 16

Unable
to walk
even
with
walk
aids

1 to 6
months
post stroke

Wang et
al. 66

Unable
to walk
with
any
walk
aid2

2 to 6
weeks post
stroke

therapy (30
minutes), (5
days/week for 4
weeks), then (1
to2
sessions/week
for 6 weeks) +
overground
walking
training in the
days without
treadmill
Received lowintensity
ergometer
aerobic training
(3
sessions/week)
+ regular
rehabilitation
program (5
sessions/week)
for 6 weeks

days/week
for10 weeks)

Received lowintensity
ergometer
aerobic training
(3
sessions/week)
+ regular
rehabilitation
program (5
sessions/week)
for 6 weeks

Received
regular
rehabilitation
program (5
sessions/week)
for 6 weeks
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Received
regular
rehabilitation
program (5
sessions/week)
for 6 weeks

Fasting insulin, 2hour glucose level,
homeostasis model
assessment–insulin
resistance, glucose
tolerance states,
and total
triglycerides were
improved
significantly in
intervention group.
No statistically
significant changes
found in resting
and peak heart rate,
HDL cholesterol,
and LDL
cholesterol between
groups
2-hour glucose
level and
homeostasis model
assessment–insulin
resistance were
improved
significantly in
intervention group.
No statistically
significant changes
found in fasting
insulin, fasting
glucose, total
triglycerides, HDL
cholesterol, LDL
cholesterol, peak

heart rate between
groups.

Han et al.
47

FAC <2

Within a
month of
stroke
onset

Received robotassisted gait
training (30
minutes) +
regular
rehabilitation
program (30
minutes), (5
sessions/week
for 4 weeks)

Received
regular
rehabilitation
program (60
minutes), (5
sessions/week
for 4 weeks)

Brachial–ankle
pulse wave velocity
was significantly
reduced in
intervention group.
No statistically
significant changes
found in resting
and peak heart rate,
and resting and
peak systolic and
diastolic blood
pressure between
groups

CV: cardiovascular, FAC: Functional ambulation category, HDL: high-density lipoprotein, LDL: low-density
lipoprotein.
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Figure 1: Studies selection process.
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Chapter 3: Feasibility of aerobic walking exercise and the trend of pulmonary
function change in non-ambulatory stroke survivors, a pilot trial
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Abstract
Background: Lung function is compromised in stroke survivors, which may cause fatigue and
exercise intolerance. Furthermore, past studies of aerobic exercise have involved only stroke
survivors who could walk independently. Stroke survivors who were unable to walk were not
included in previous research investigating changes in lung function from walking exercise
interventions. In this pilot study, the feasibility and the effect of aerobic walking exercise on lung
function was examined in non-ambulatory stroke survivors using a treadmill, body weight
support system, and a gait training device.
Methods: 9 non-ambulatory stroke survivors (5 males, mean age 61.8 ± 13.6 years, 8 with
ischemic stroke) completed a low intensity walking exercise program (30 minutes/session; three
sessions/week for eight weeks), and 8 of them completed the lung function test. Before and after
the intervention, vital capacity (VC) and forced vital capacity (FVC) using a spirometer were
measured according to the guideline from American Thoracic Society/European Respiratory
Society.
Results: The rates of compliance were 100% in the nine participants who completed the
intervention, and the attrition rate was 10%. No adverse events were reported. There were
significant differences between pre- and post -intervention assessments in FVC (p= 0.09),
percentage of predicted VC (p= 0.08), and percentage of predicted FVC (p= 0.08).
Conclusions: The specific aerobic walking exercise used in the current study is feasible and safe
in non-ambulatory stroke survivors. The results show a trend of improvement in pulmonary
function after the aerobic walking exercise, even though more clinical trial studies are needed.
Keywords
Non-ambulatory; stroke; lung; spirometer; walking
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Introduction
Stroke affects the brain hemispheres following a rupture or blocking of one or multiple
cerebrovascular arteries,1 and often leads to hemiplegia in the contralateral side of human body.1
In addition to neurologic deficits, during their recovery stroke survivors often have a significant
complaint of fatigue and reduced endurance for activities.2 Due to weakness in trunk and
respiratory muscles in the affected side, stroke survivors usually show compromised trunk
performance and impaired lung function.3-5 Diminished trunk performance and impairment in
lung function can significantly hinder performance in daily activities and increase the risk of
cardiovascular disease.6 In addition, impairments in lung function predispose stroke survivors to
rapid fatigue and exercise intolerance, which significantly limit their functional activities of daily
living and their participation in rehabilitaiton programs.7 Reduced lung function in stroke
survivors increases the risk of recurrence of stroke and risk of pulmonary infection due to an
inability to clear their lungs efficiently from mucus. 8-10 Physical inactivity can also lead to
impaired respiratory function over time in chronic stroke survivors.11
Significant benefits of physical exercise on pulmonary function have been supported by
evidence from past clinical studies of stroke survivors with mild and moderate disability, but
none of these studies have targeted non-ambulatory stroke survivors. The reported benefits of
exercise include improvement in the maximum oxygen consumption,12-17 walking distance and
velocity,13,14,16,17 workload,12 and tolerance to exercise.12 These past studies did not involve
severely disabled, non-ambulatory stroke survivors. However, some indirect evidence indicates
potential benefits of walking exercise on pulmonary function in severely disabled, nonambulatory people. For instance, walking on treadmill with body weight support system for four
weeks improved lung function in severely disabled people after spinal cord injury.18 Trunk
muscles including respiratory muscle are stimulated during standing and walking to maintain
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balance;19 and therefore, walking exercise can strengthen weakened respiratory muscles. Nonambulatory stroke survivors have a compromised trunk performance secondary to trunk and
respiratory muscles weakness in the affected side,3,4 and their lung function is impaired and at
higher risk of lung infection diseases.4,20 Since stroke is a neurological disorder, stroke survivors
might suffer a restrictive lung abnormality due to respratory muscles weakness.21 Thus, we
conducted this study to investigate the effect of eight weeks of aerobic walking exercise on lung
function in non-ambulatory stroke survivors, in terms of vital capacity (VC), which is the
maximum air that can be exhaled slowly until the lung is felt empty of air,21 and forced vital
capacity (FVC), which is the volume of air that can be forcibly and fully expired following a full
inhalation.21 The risk of heart diseases and recurrent stroke are higher in stroke survivors when
they have a reduced FVC.10 Improvement in VC and FVC might be an indicator of improvement
in respiratory muscles strength.21 To our knowledge, no studies have examined the effect of
aerobic walking exercise on lung function in non-ambulatory stroke survivors who score £ 2 on
the functional ambulation category (FAC), which is a functional test that evaluates the walking
ability.22
The primary aim of this pilot study was to examine the feasibility of an aerobic walking
exercise program using a treadmill, body weight support system, and an assistive walking device,
including measures of recruiting procedure (number of participants screened, number of
participants qualified, and number of participants enrolled), compliance rate and dropout rate
among study participants. In addition, we assessed the participants’ acceptance regarding our
intervention and the use of our assistive walking device. The secondary aim of the study was to
investigate the effect of aerobic walking exercise on lung function in non-ambulatory stroke
survivors. We hypothesized that VC and FVC will be significantly improved in non-ambulatory
stroke survivors after eight weeks of aerobic walking exercise.
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Materials and methods
Study design
This pilot feasibility study enrolled a single group (n=10) of non-ambulatory stroke
survivors participating in an aerobic walking exercise program (three sessions/week for eight
weeks) and evaluated their VC and FVC at baseline and post-intervention. All walking exercise
and evaluation sessions were conducted in the Neuromuscular Research Laboratory at the
University of Kansas Medical Center (KUMC). The study participants were stroke survivors
with their first stroke who met our inclusion criteria: being between 18 and 80 years of age,
unable to walk independently according to FAC (£ 2), having a stroke 0.5 to 5 years ago,
walking independently before stroke, being able to complete spirometer testing, being able to
follow directions in English, and being able to attend all of the intervention sessions. Stroke
survivors were excluded who had previous pulmonary diseases, unstable medical conditions, and
musculoskeletal disorders which might prevent the participant from performing walking
exercise. Study participants were stroke survivors at least 6 months post stroke in order to make
sure that their non-ambulation status was confirmed after trials of rehabilitation treatments within
the first 6 months after stroke. Study participants were primarily recruited from the Physical
Medicine and Rehabilitation clinic at the University of Kansas (KU) Hospital. In addition,
exercise facilities of the American Stroke Foundation in the greater Kansas City metropolitan
area were used to recruit study participants. The Healthcare Enterprise Repository for
Ontological Narration (HERON), a database managed at KUMC, was used to obtain information
about stroke patients who were admitted to KU Hospital after acute stroke and agreed to be
contacted for opportunities to participate in research projects. We also placed our study flyers in
local rehabilitation clinics offices. Before starting the intervention, each participant received the
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detailed information about the study and signed an informed consent approved by the KUMC
institutional review board (IRB).
Measurements
To measure the feasibility, number of participants who were screened, qualified,
excluded, enrolled, and completed the intervention were recorded. The participants were
contacted via phone, email, or in-person meeting. In addition, an end intervention questionnaire
(table 2) was given to the participants to assess their acceptance regarding our intervention and
the assistive walking device, and it was collected at the post-intervention session. The end
intervention questionnaire (table 2) contains 12 statements, and each statement has five levels of
choices. The end intervention questionnaire has two sections; the first section has seven
statements regarding the walking training program, and the second section has five statements
regarding the assistive walking training device (figure 1).
Lung function outcome measurements were conducted at baseline assessment session and
post-intervention assessment session which occurred within one week after last intervention
session. Arm span was utilized to estimate the height of our participants because all participants
were not able to stand up straight.23 Body weight was measured through two force plates while
participant sitting on a wheelchair. The same wheelchair was used in body weight measurement
for all participants to ensure the consistence on body weight measurement. We utilized the arm
span and weight to obtain participant’s body mass index. Vital capacity (VC) and forced vital
capacity (FVC) of the participants were measured using a hand-held spirometer (MIR Spirotel
Spirometer, New Berlin, WI, USA), following the guidelines by the American Thoracic
Society/European Respiratory Society.24 In brief, a nose clip was used, and participants were
instructed to seal their lips around the mouthpiece to prevent air leaking. To measure VC, the
participant was in a sitting position and breathed normally three times first, and then was
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instructed to slowly and maximally inhale and immediately slowly and maximally exhale. The
subjects were instructed to completely fill and empty their lungs during maximal inhalation and
exhalation. In this manner, it was repeated four times or until three acceptable readings were
obtained with less than 0.15 L differences between readings. To measure FVC, the subjects were
instructed to forcibly maximally inhale. Immediately, they were instructed to exhale forcibly and
maximally. This test was repeated a minimum of three times. The differences between readings
should not be greater than 0.150 L. If the differences exceeded 0.150 L, the test would be
repeated a maximum of eight times or until we obtained three acceptable readings. Percentages
of predicted VC (% of Pred. VC) and FVC (% of Pred. FVC) were calculated by the spirometer’s
application, and they were calculated depending on age, gender, and body mass index.
Participants rested for at least one minute between each repetition to avoid fatigue. These tests
would be stopped if any adverse event happen, such as dizziness, and we would wait for a while
until it subsided before repeating the test again. Lung function test would not be conducted if the
stroke survivor had a facial palsy or restricted movement of the lips. In addition, participant’s
other physical activities within the intervention duration were recorded weekly by using a
physical activity log.
Aerobic walking exercise
During aerobic walking exercise, a participant walked on a treadmill for about 30
minutes, three times per week for eight weeks. A harness was attached to the ceiling and was
tightened around participant’s waist, thighs and hips to support partial body weight and protect
the participant from falling. About 40% of the participant’s weight was supported initially at the
first training session. The body weight support was gradually reduced over time in late training
sessions, if the participant could perform the walking exercise. We utilized an assistive device to
help the participant in making steps forward by the affected lower limbs (figure 1). Using this
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device, a physical therapist was able to provide the affected lower limb with assistance in hip and
knee flexion and ankle dorsiflexion during swing phase by pulling a cable.25 To reach a low
intensity exercise, the target heart rate zone was between 30% and 40% of exercise intensity
using the heart rate reserve. The equation to calculate the heart rate reserve is [(maximum heart
rate – resting heart rate) * % of targeted exercise intensity] + resting heart rate.26 The maximum
heart rate was determined using an age-predicted maximum heart rate (220 – participant’s
age),26,27 and we subtracted 10 beats if the participant was on beta blocker medication.28 The
walking exercise started with two minutes of warming up at the speed of 0.6 mile/hour. The
treadmill speed was then increased gradually until the heart rate reached the target heart rate
zone. We ended a session of walking exercise with two minutes of cooling down. The duration
of a walking exercise session was determined individually according to the participant’s
tolerance. It was initially set at 10 minutes and increased weekly by 5 minutes until we reached
the targeted duration of 30 minutes for each session. An optical heart rate sensor (Polar OH1)
was placed on participant’s non-affected forearm to monitor heart rate continuously during
walking exercise. One physical therapist stood behind the participant to control trunk movement
and to encourage the participant verbally. Another physical therapist operated the walking
assistive device by pulling and releasing a cable to assist every step forward of the affected
leg/foot.25 Blood pressure of the participant was monitored before, at the middle, and at the end
of each exercise session to ensure safety. If the participant felt tired, we would pause the walking
exercise for two minutes and measured the blood pressure of the participant for safety purposes.
At the end of each exercise session we asked the participants to rate the intensity of exercise
using the 6 to 20 Borg rating of perceived exertion scale (RPE) scale. On a daily exercise log, we
recorded the RPE, treadmill speed, percentage of body weight supported, and duration of the
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session after each exercise session. Each exercise session throughout the intervention process
lasted approximately one hour, ranging from 30 to 60 minutes, including the time for set up.

Statistical Analysis
Descriptive statistics were used to summarize means, standard deviations, and confidence
intervals for outcome measures. Paired t-test as well as Wilcoxon signed rank test was used to
analyze within-group difference of pre- and post-intervention results of lung function
measurements and RPE using SPSS software (IBM SPSS statistics version 25). The significance
level was set at 0.1 because of a limited sample size.29

Results
Participants’ characteristics
Ten non-ambulatory stroke survivors were recruited, and eight of them completed lung
function data. One participant withdrew from the study due to family issues. One other
participant could not perform the lung function test due to facial muscles weakness. The
remaining eight participants completed the study and lung function test. They were five men and
four women with a mean age of 61.8 ± 13.6 years. Their onset of stoke incidence ranged from 7
to 52 months prior to the participation of this study. Table 1 shows the participants’ demographic
and anthropometric data for nine participants.
Feasibility measurements
Study flowchart in (figure 2) shows number of participants who were screened, qualified,
excluded, enrolled, and completed the intervention. Initially, 247 stroke survivors were screened
for eligibility through their phones and emails or met in person by a study team member. Ten
individuals who qualified for our study were enrolled. One participant completed four weeks of
walking exercise intervention and dropped out due to family reasons (10% drop out rate). Nine
participants completed the intervention with 100% compliance rate for all walking exercise
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sessions. The most two barriers for non-ambulatory stroke survivors to participate in our
intervention were lacking transportation and living far away from our lab. No adverse events
were recorded during the intervention.
Nine participants provided answers to the end-intervention questions after the completion
of walking exercise intervention (table 2). In their response to questions regarding the walking
exercise program, the choice of Strongly Agree or Agree was selected by 8 (satisfied with time
length and procedures), 9 (safe and secure), 8 (comfortable), 9 (enjoyed), 9 (participate again), 7
(improves life), and 6 (improved walking ability), respectively. In their responses to questions
regarding the assistive walking device, the choice of Strongly Agree was selected by 9 (safe and
secure), 9 (comfortable), 9 (provided sufficient assistance), 8 (setting up was reasonable), and 9
(recommend using this assistive device by others), respectively.
Changes in pulmonary function
There were significant differences between pre- and post -intervention assessments in
FVC, % of predicted VC, and % of predicted FVC (table 3). The FVC increased significantly
from 2.26±1.0 L to 2.37±0.89 L (p<0.1, effect size = 0.53). The % of predicted VC increased
significantly from 62.25±23.42% to 65.5±20.89% (p<0.1, effect size = 0.55). The % of predicted
FVC increased significantly from 58.5±21.9% to 61.88±20.84% (p<0.1, effect size = 0.58). The
VC increased from 2.41±0.87 L to 2.53±0.77 L, but not statistically significant (p=0.14, effect
size = 0.41). The means of pre- and post-intervention of RPE decreased from 13.75±3.31 to
12.37±3.62, but the difference was not statistically significant (p= 0.4). The results were similar
when we utilized Wilcoxon signed rank test (nonparametric) and paired t-test (parametric).

Discussion
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Ten non-ambulatory stroke survivors were enrolled into this study, and nine of them
completed eight weeks of low intensity aerobic walking exercise. The attrition rate was 10%. In
recruiting study participants, we contacted 247 stroke survivors in-person or through phone calls
or emails (figure 2). The majority of the contacted individuals did not qualify for the study due to
being able to walk (n=183) and living far away (n=32). Among 32 individuals who qualified for
the study, 18 had difficulty in obtaining transportation for participating in the study; 4 declined to
participate in the study; and 10 were enrolled in the study. The enrollment rate (31%) from
qualified potential subjects may be improved in future study if transportation can be provided to
participants. Most of our participants in this study presented high acceptance for the walking
exercise program and the assistive training device in their response to the end-intervention
questionnaire. No adverse events occurred during the intervention indicating the safety of low
intensity walking exercise for non-ambulatory stroke survivors.
Our results indicate a promise that the aerobic walking exercise may help people who are
non-ambulatory after stroke. Significant improvements were observed in three out of four
outcome measurements of pulmonary function. The change in VC measurement showed a trend
towards significant improvement, even though not statistically significant. Our results cannot be
directly compared to other past studies because this is the first study to investigate the effect of
walking exercise on pulmonary function in non-ambulatory chronic stroke survivors. Some
indirect comparison of our results with that of studies of walking training on pulmonary function
in non-ambulatory patients with spinal cord injury may offer interesting insight. Tiftik et al.18
conducted walking trining in patients with spinal cord injury with 3 sessions per week for four
weeks using a body weight support system and reported significant increases pre- and postintervention in means of VC by 0.2 L and FVC by 0.1 L, respectively. This result is similar to
our results in terms of averaged changes in VC (0.12 L) and FVC (0.11 L). Terson de Paleville et
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al.30 conducted 62 sessions (5 sessions/week) of locomotor training using a body weight support
system in people with spinal cord injury and reported significant changes in mean of the % of
predicted FVC by 7.9%. It is possible that the longer duration and higher frequency of walking
exercise in the study by Terson de Paleville et al.30 might be a partial reason for a larger
improvement in the % of predicted FVC compared to our result (3.8%).
We also compared our results with the results of two past studies that examined the
changes in pulmonary function after aerobic exercise in stroke survivors with mild or moderate
disability. In a pilot study Bang et al.31 investigated the changes in lung function in chronic
ambulatory stroke survivors using a 4-week (5 sessions/week) aerobic cycling exercise at
intensity of 50 to 80% of maximum heart rate which was equivalent to 11 to 14 on RPE, and
reported that FVC increased significantly by a mean change of 0.5 L. The exercise intensity in
the study by Bang et al.31 (50 to 80% of maximum heart rate) was higher than that in our study
(30 to 40% of heart rate reserve) and might partially contribute to the better results in FVC
measurement. The side of hemiplegia might be another factor for difference in FVC outcomes.
The half of participants in the study by Bang et al.31 had left side hemiplegia, while all of our
participants except one had right sides hemiplegia. Past studies have reported that stroke
survivors with right side hemiplegia would have worse impairments in lung function and
respiratory muscles when compared to stroke survivors with left side hemiplegia.32 In another
study, Sutbeyaz et al.23 divided people with mild to moderate stroke into three groups:
inspiratory muscles training group, breathing exercise group, and control group. The 6-week
daily intervention generated significant improvement only in respiratory muscle training group
by 0.13 L in the mean of VC and 0.23 L in the mean of FVC, which is similar to our results.
Different levels of disability in participants between our study (severe) and both comparison
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studies (mild or moderate) may also explain partially the difference in the outcomes of lung
function.
An important finding of our study is that the aerobic walking exercise even at a low
exercise intensity, i.e. between 30% and 40% of the heart rate reserve, was able to generate
significant improvement in lung function in non-ambulatory stroke survivors. Moderate to high
exercise intensity (40 % to 70% of heart rate reserve) is recommended to improve physical
health in stroke survivors with mild or moderate impairment.33 However, there has been a lack of
exercise guidelines for non-ambulatory stroke survivors.33,34 We chose the low exercise intensity
in the current study based on the consideration of safety and tolerance of non-ambulatory stroke
survivors. In fact, the level of perceived exertion (RPE) recorded from our participants pre- and
post-intervention were on average 13.75 and 12.37, which is close to the recorded value of RPE
(11 to 14) in the study by Bang et al., in which the exercise intensity was high (50 to 80% of
maximum heart rate).31 It suggested that our participants were at the top level of their physical
capacity and tolerance. Past studies suggested that the intensity of physical activity in most of the
rehabilitation programs for severely impaired stroke survivors were not enough to enhance
pulmonary functions.10,35 A past study reported that severely impaired stroke survivors could not
reach the recommended exercise intensity to induce aerobic effects in a walking exercise using a
body weight support system and an automated assistive device.36 The assistive walking device
used in our study was unique in that it provided minimal assistance to the trained stroke
survivors and encouraged their active engagement in training activities.25 This factor may be
important for the observed benefit in lung function in our study using a low exercise intensity.
The reasons for the significant improvement in FVC, % of predicted VC, and % of
predicted FVC observed in our study might be the increased activities of respiratory muscles and
increased strength of trunk muscles after walking exercise.18,19 Future studies may directly
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measure the changes in respiratory muscles activity and strength of trunk muscles after the
walking exercise using electromyography or maximal inspiratory pressure and maximal
expiratory pressure.
There are several limitations in our study. First, no control group and small sample size
limit the results to be inconclusive about the effect of our intervention. Furthermore, this study
only recruited non-ambulatory stroke survivors at the chronic phase after stroke. Therefore,
results from this study should be interpreted with caution and should not be generalized to other
conditions. We did not control for the stroke lesion location even though it could significantly
affect the lung function. In addition, we did not investigate the long term effect of our
intervention. In our intervention, we utilized body weight support system which included a
harness. The tightness of harness might affect oxygen consumption, lung capacity, and heart rate
negatively,37,38 which might limit the improvement in vital capacity in our participants.

Conclusion
Our results show that eight weeks of low intensity aerobic walking exercise is feasible
and safe for non-ambulatory stroke survivors. In addition, results of our study indicate a potential
of the walking exercise in improving pulmonary function in non-ambulatory stroke survivors.
Future randomized control trials should be conducted with a larger sample size to investigate the
walking training with different intensities on pulmonary function in non-ambulatory stroke
survivors.
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Table 1: Baseline Participant Demographics for nine participants.

Age (years), mean ± SD, (range: min - max)

61.8 ± 13.6 (40 – 78)

Men/women

5/4

Stroke type: Ischemic/hemorrhagic

8/1

Hemiparetic side: Left/right

1/8

Time since stroke (months)

28.2 ± 14.8 (7 – 52)

Race: White/African-American/other

5/3/1

Body mass index (kg/m2), mean ± SD, (range: min - max):

28.6 ± 8.2 (15.7 – 42.8)

Smoker: Yes/no

1/8

SD: standard deviation, min: minimum, max: maximum, kg/ m2: kilogram per square meter.
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Table 2: The end intervention questionnaire and rating scores provided by the participants.

Regarding the assistive gait device

Regarding walking training program

Rating scores
1

2

3

4

5

I was satisfied with time length and procedures of walking
training

0

0

1

0

8

I felt that walking training was safe and secure

0

0

0

0

9

I felt that walking training was comfortable in regard to the
harness

1

0

0

3

5

I enjoyed walking training program

0

0

0

2

7

I would plan to participate in walking training again

0

0

0

0

9

I felt that walking training improves my life

0

0

2

2

5

Walking training improves my walking ability

2

1

0

4

2

I felt that the assistive device was safe and secure

0

0

0

0

9

I felt that the assistive device was comfortable

0

0

0

4

5

I felt that the assistive device provided sufficient assistance
during walking

0

0

0

1

8

I felt that time for setting up assistive device was
reasonable

0

0

1

1

7

I would recommend using this assistive device by others

0

0

0

0

9

Rating scores: 1= Strongly disagree; 2 = Disagree; 3 = Natural; 4 = Agree; 5 = Strongly agree
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VC: vital capacity, FVC: forced vital capacity, % of Pred. VC: percentage of predicted vital capacity, % of Pred.
FVC: percentage of predicted forced vital capacity.
* statistically significant (p < 0.1), (one tailed).

Table 3: Lung function outcomes.

Figure 1: The assistive walking device which helps the participants in hip flexion and ankle dorsiflexion during
swing phase of gait cycle in the affected lower limb.
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Figure 2: Study flowchart.
PMR: Physical Medicine Rehabilitation clinics at KU hospital, HERON: Healthcare Enterprise Repository for
Ontological Narration database hosted at KUMC, Other sites: American Stroke Foundation, and other rehabilitation
clinics in the great Kansas City metropolitan area.
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Chapter 4: Reduction of risk for cardiovascular disease in non-ambulatory
stroke survivors using an assisted-walking aerobic exercise: A pilot study
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Abstract
Background: Most rehabilitation interventions in stroke rehabilitation are designed with a focus
on improving impaired sensorimotor function. While 75% of stroke survivors are prone to
having cardiovascular disease, the main cause of death in stroke survivors, fewer efforts have
been made on how to control risks of cardiovascular disease after stroke, especially in nonambulatory stroke survivors.
Objectives: The objectives of this pilot study were to examine the feasibility and trends of a low
intensity aerobic walking exercise on cardiovascular risk factors in non-ambulatory stroke
survivors using a treadmill, body weight support system, and walking assistive device.
Methods: Nine non-ambulatory stroke survivors (age: 61.8 ± 13.6 years, 5 men, 8 with ischemic
stroke) have completed the aerobic walking exercise program (three sessions/week for eight
weeks). Glycated hemoglobin (HbA1c), resting heart rate (rHR), systolic (SBP) and diastolic
(DBP) blood pressure, and serum level of low-density lipoprotein (LDL) were measured pre- and
post-intervention.
Results: Out of 247 stroke survivors, we enrolled 10 stroke survivors who met our inclusion and
exclusion criteria. The drop rate was 10% (one participant) due to family reasons, and no adverse
events were reported. There were significant changes in HbA1c (from 6.1±0.9 to 5.6±0.7 %),
rHR (from 72.6±11.5 to 68.2±12.5 beats/minute), SBP (from 143±14 to 134.1±19 mmHg), and
DBP (from 87±11 to 82±7 mmHg) pre- and post-intervention. LDL level did not change
significantly (from 103.1±23.1 mg/dl to 101.4±22.8 mg/dl, p=0.37).
Conclusion: This pilot study suggests that the aerobic walking exercise is feasible and may
improve cardiovascular risk factors in non-ambulatory stroke survivors by decreasing the HbA1c
level, rHR, SBP, and DBP.
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Introduction
Stroke is a major cause of permanent disability worldwide.1 Stroke survivors commonly
develop cardiovascular dysfunction including cardiac diseases, increased insulin resistance,
increased resting heart rate, increased blood pressure, and altered lipids profile. About 75% of
stoke survivors suffer from cardiac disease, a prominent cause of death after stroke.2 More than
half of nondiabetic stroke survivors present with insulin resistance during the subacute stage and
are prone to diabetes mellitus 3,4 and higher risk of recurrent stroke.5 Stroke survivors often have
an elevated resting heart rate due to prolonged bed rest and sedentary lifestyle, and the elevated
resting heart rate is a risk factor for cardiac diseases such as myocardial infarction.6,7 Blood
pressure, a risk factors for recurrent stroke and cardiac disease, is often elevated in more than
half of stroke survivors. 8-11 More than 50% of stroke survivors have an impaired lipid profile,
which is a risk factor for recurrent stroke.11 In general, stroke survivors are at high risk of stroke
recurrence and/or cardiovascular disease, which may lead to severe disability or death.3,4,12,13
Previous studies have reported that pharmacological and non-pharmacological
rehabilitation programs may help stroke survivors by improving their motor skills and quality of
life.14-16 The majority of those studies have focused on recovery of sensorimotor function, while
only a few studies have focused on cardiovascular health after stroke, particularly in nonambulatory individuals who are at even higher risk of cardiovascular diseases due to sedentary
life style.17-20,4 In people with mild/moderate disabilities after stroke, aerobic exercise was
beneficial in multiple health aspects including cardiovascular health.21 For non-ambulatory
stroke survivors, however, there is limited information about the effect of aerobic exercise on
their cardiovascular health.22-24 So far, only seven studies in the literature have reported
cardiovascular outcomes after aerobic exercise in non-ambulatory stroke survivors.23-29 There
were no improvement reported in resting heart rate,23,25,26,28 peak heart rate,23,24,26,27,29 resting
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blood pressure,25 peak blood pressure,25-27 or lipid profile 23,24 post-aerobic exercise. One of the
limiting factors of these studies could be the short duration of interventions, ranging from 2 to 6
weeks.23-26,28 More clinical research is required to overcome many limiting factors of past studies
and improve outcomes of walking exercise in non-ambulatory stroke survivors.
In this study, we aimed to examine the effect of 8-week aerobic walking exercise using a
treadmill, partial body weight supporting system, and a novel assistive walking device on
glycemic control, resting heart rate, blood pressure, and lipid profile in non-ambulatory stroke
survivors. We hypothesized that our aerobic walking exercise program would significantly
decrease glycated hemoglobin (HbA1c), resting heart rate (rHR), systolic blood pressure (SBP),
diastolic blood pressure (DBP), serum level of low-density lipoprotein (LDL), and the score of
Patient Health Questionnaire-9 (PHQ-9) in non-ambulatory stroke survivors.

Materials and methods
Study design
This is a single group, pilot, clinical trial designed to investigate the outcomes of eight
weeks of aerobic walking exercise in measurements of cardiovascular health including HbA1c,
rHR, SBP, DBP, and LDL in non-ambulatory stroke survivors. We defined non-ambulatory
stroke survivors as those who cannot walk independently and with a score £ 2 on functional
ambulation category (FAC).30 The FAC uses a classification system of six categories. The lowest
classification is Category 1 which indicates nonfunctional ambulation and the highest
classification is Category 6 which indicates independent ambulation on varying surfaces. We
enrolled men and women who suffered from their first stroke at least six months prior to
enrollment, between the ages of 18 to 80 years, ambulated independently before the stroke, were
able to understand and follow verbal commands in English, were in stable medical condition, and
were unable to walk independently according to the FAC (£ 2) at the beginning of intervention.30
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We excluded those who had myocardial infarction or coronary artery bypass surgery less than 3
months before recruiting date, unstable angina, renal disease, musculoskeletal disorder which
prevents subjects from participating in the exercise, resting blood pressure more than 200/110
mm Hg, and restricted passive movement in the major joints of the lower limbs due to sever
spasticity or joint contracture. We also excluded those who were unable to travel to our lab for
exercise sessions and those who participated in any walking exercise that aimed to induce
aerobic effects using treadmill with or without a body-weight support system. We chose to
include chronic stroke survivors because after the first 6 months post stroke and after the
rehabilitation treatments have been tried, the condition of non-ambulatory status is determined.
We primarily recruited our study participants from the Physical Medicine and
Rehabilitation clinic at the University of Kansas (KU) Hospital. In addition, we visited exercise
facilities of American Stroke Foundation at the Greater Kansas City metropolitan area to recruit
study participants. We used the Healthcare Enterprise Repository for Ontological Narration
(HERON), a database managed at the University of Kansas Medical Center (KUMC), from
which we obtained information of stroke patients who were admitted to the KU Hospital after
acute stroke and agreed to be contacted for opportunity of participating in research projects. We
also placed study flyers in local rehabilitation clinic offices. Before we scheduled the baseline
evaluation, a phone screen was used to make sure that the inclusion and exclusion criteria were
met. This study was approved by the institutional review board (IRB) at KUMC. All participants
provided written informed consent prior to their participation.
Measurements
The primary outcome measurements of the study included HbA1c, rHR, blood pressure,
and LDL. In the baseline assessment, the participant came to our research laboratory after fasting
for 12 hours. The participants were allowed to rest for 15 minutes in a sitting position, and
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averages of three readings of rHR and blood pressure of the participant were obtained from
brachial artery on nonparetic arm using an automatic blood pressure test device (Microlife blood
pressure monitor). About 30 mL of blood was then collected from the antecubital vein in the
unaffected arm into a BD Vacutainer serum blood collection tube. Within 30 minutes, after the
collected blood clotted, the tube was centrifuged at 2,500 g for 10 minutes at room temperature,
to separate serum from cells. Serum was transferred into a clean tube and stored at -80 ºC until
analysis. Serum concentration of LDL was determined using the LDL-Cholesterol Human Assay
Kit (Crystal Chem, Elk Grove Village, IL, USA; Catalog # 80069). A finger-stick was used to
collect a drop of blood sample from the middle finger of the unaffected hand for analysis of the
HbA1c level using A1CNow+ System (Test Medical Symptoms at Home, Inc., Maria Stein, OH,
USA). The American Diabetes Association and the World Health Organization chose the
HbA1c test as a diagnostic tool for diabetes as it indicates a glucose level for eight to 12 weeks.31
HbA1c has been a reliable test to determine prediabetic and diabetic condition in people with
ischemic stroke.32 The PHQ-9 has nine questions about symptoms of depression within the past
two weeks, and each question has a score from 0 (not at all) to 3 (nearly every day). The total
PHQ-9 score can range from 0 (no symptoms of depression) to 27 (all symptoms occur every
day). Scores ≥ 10 indicates major depression. The PHQ-9 is a valid depression screen tool for
stroke survivors.33-35
Other measurements including body weight, body mass index, percentage of body weight
support, Borg rating of perceived exertion scale (RPE), treadmill speed, and walking duration
were recorded in each exercise session using an exercise log. All measurements were performed
on every participant at baseline and after eight weeks of walking exercise program, and always
conducted between 8 and 10 am.
Aerobic walking exercise
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During aerobic walking exercise, a participant walked on a treadmill for about 30
minutes, three times per week for eight weeks. A harness was attached to the ceiling and was
tightened around participant’s waist, thighs and hips to partially support body weight and protect
the participant from falling. About 40% of the participant’s weight was supported at the first
training session. The body weight support was gradually reduced over time in late training
sessions, if the participant could perform the walking exercise. We utilized an assistive device to
help the participant in making steps forward by the affected lower limbs (figure 1). Using this
device, a physical therapist was able to provide assistance to the affected lower limb in hip and
knee flexion and ankle dorsiflexion during swing phase by pulling a cable.36 As an indicator of a
low intensity exercise level, the target heart rate zone was between 30% and 40% of the heart
rate reserve. The equation to calculate the heart rate reserve is [(maximum heart rate – resting
heart rate) * % of targeted exercise intensity] + resting heart rate.37 The maximum heart rate was
determined using an age-predicted maximum heart rate (220 – participant’s age),37,38 and we
subtracted 10 beats if the participant was on beta blocker medication.39 The walking exercise
started with two minutes of warming up at the speed of 0.6 mile/hour. The treadmill speed was
then increased gradually until the heart rate reached the target heart rate zone. A session of
walking exercise was ended with two minutes of cooling down. The duration of a walking
exercise session was determined individually according to the participant’s tolerance. It was
initially set at 10 minutes and increased weekly by 5 minutes until the targeted duration of 30
minutes was reached for each session. An optical heart rate sensor (Polar OH1) was placed on
participant’s non-affected forearm to monitor heart rate continuously during the walking
exercise. One physical therapist stood behind the participant to control trunk movement and to
encourage the participant verbally. Another physical therapist operated the walking assistive
device by pulling and releasing a cable to assist the affected leg/foot with every step forward.36
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The blood pressure of the participant was monitored before, in the middle, and at the end of each
exercise session to ensure safety. If the participant felt tired, the walking exercise would pause
for two minutes while blood pressure of the participant was measured for safety purposes. At the
end of each exercise session the participants were asked to rate the intensity of exercise using the
6 to 20 RPE scale. In a daily exercise log, we recorded the RPE, treadmill speed, percentage of
body weight supported, and duration of the session after each exercise session. Each exercise
session throughout the intervention process lasted approximately one hour, ranging from 30 to 60
minutes, including the time for set up.

Statistical Analysis
Descriptive statistics were used to summarize means, standard deviations, and
confidence intervals for outcome measures. Paired t-test as well as Wilcoxon signed rank test
were used to analyze within-group difference of pre- and post-intervention results using SPSS
software (IBM SPSS statistics version 25). The significance level was set at 0.1 because of the
sample size.18

Results
Ten non-ambulatory stroke survivors were enrolled into our study. One participant
withdrew from the study after four weeks of the intervention due to family reasons. Data from
nine participants were included in data analyses. Table 1 shows the participants’ demographic
and anthropometric data.
Significant (p<0.1) changes pre- and post-intervention were observed in measured
parameters (table 2). HbA1c decreased from 6.1±0.9 to 5.6±0.7 %.; rHR decreased from
72.6±11.5 to 68.2±12.5 beats/minute; systolic blood pressure (SBP) decreased from 143±14.1 to
134.1±18.6 mmHg; diastolic blood pressure (DBP) decreased from 86.9±11.1 to 82.3±6.8
mmHg. Scores on the PHQ-9 decreased from 7.78±6.57 to 3.33± 2.87. The effect size for those
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significant differences were 1.05 (HbA1c), 1.67 (rHR), 1.05 (SBP), and 0.37 (DBP). The mean
values of LDL showed a trend to decrease, from 103.1±23.1 mg/dl to 101.4±22.8 mg/dl,
although the difference was not statistically significant (p=0.37).
The mean value of RPE showed a trend to decrease, from 13.9 ± 3.1 at pre-intervention,
to 13.0 ± 3.8 at post-intervention, however this decrease was not significant (p=0.55, table 3).
The mean values of body weight and body mass index changed significantly (p<0.1) from
192.6±45.7 lbs. and 28.7±8.2 kg/m2 pre-intervention to 189.3±45.4 lbs. and 28.1±8.0 kg/m2 post
intervention. The means of body weight support, duration of session, and treadmill speed during
the first session of the aerobic walking training were 40 ± 0.0%, 6.8 ± 6.4 minutes, and 0.6 ± 0.1
mile per hour (MPH), respectively. At the last training session those mean values were changed
significantly (p<0.1) to 10.6 ± 6.8%, 29.6 ± 0.9 minutes, and 1.02 ± 0.1 MPH; respectively. The
participants reported no changes in their medications or diet habits during the intervention
period. The results were similar when we utilized Wilcoxon signed rank test (nonparametric) and
paired t-test (parametric).

Discussion
In this pilot study, after an 8-week low intensity aerobic walking exercise we observed
significant improvement in measures of accumulated glucose level (HbA1c), resting heart rate
(rHR), blood pressure (DBP and SBP), and PHQ-9 in a group of chronic non-ambulatory stroke
survivors. These results may be partially due to the use of a unique assistive walking device in
our study. The moderate to high exercise intensity (40 % to 70% of heart rate reserve) has been
recommended to improve physical health in stroke survivors with mild or moderate impairment.6
However, our participants were severely disabled non-ambulatory stroke survivors. Considering
their safety and tolerance, we controlled the intensity of their walking exercise at a low level (i.e.
between 30% and 40% of the heart rate reserve). Considering the resultant RPE of the walking
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exercise (the average RPE of 13.9 in the first training session and 13.0 at the last training
session) on the other hand, indicated a moderate intensity of exercise.40 The RPE level of 11 to
14 corresponded to exercise intensity previously indicated to positively affect cardiovascular
health.6,41 The results of the current study confirmed that, even though designed initially for a
low intensity, our walking exercise was able to sufficiently stress the cardiovascular system to
induce significant changes in measured parameters. Such results may be due to the activation and
loading of the non-affected side as it is well known that during walking exercise stroke survivors
can actively load the lower limb of the non-affected side.41 However, the activation and loading
on the non-affected side may not be sufficient. A study of robot-assisted gait training by van
Nunen et al. (2012) reported that their walking exercise protocol could not reach the
recommended exercise intensity to induce aerobic effects in severely impaired stroke survivors.42
One of the major limitations of the study by van Nunen et al. (2012) could be that their robotic
gait training device provided excessive assistance and therefore limited the active engagement of
the affected lower limb of the stroke survivors during gait training.36 The assistive walking
device used in our study has a unique design in that it provides minimal assistance to the affected
lower limb and therefore encourages the activation and loading of the affected lower limb during
walking exercise.
Our intervention might help participants to reduce their risk of recurrent stroke or
development of diabetes as indicated by the decrease in HbA1c level. According to the American
Diabetes Association, people who have HbA1c between 5.7 and 6.4% are considered
prediabetic,43 while the World Health Organization considers those with HbA1c between 6 and
6.5% as prediabetic and recommends starting a diabetes prevention program.44 Our intervention
reduced the mean of HbA1c and might move our participants from being prediabetic to nondiabetic (below 5.7%). Specifically, four participants in this study changed from pre-diabetic
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category to non-diabetic category based on their HbA1c values. The mean difference in HbA1c
was 0.44%, and a change of 0.5% is considered a clinically meaningful change.45 Stroke
survivors who had HbA1c >6% were at higher risk of recurrent stroke,46 and people with
ischemic stroke who have diabetes experience a poor prognosis.47 Wang et al.23 investigated the
effect of 6 weeks (3 sessions/week) of low intensity exercise using an ergometer cycle on
glucose tolerance in non-ambulatory stroke survivors. They reported an improvement in all of
glucose tolerance indices in the intervention group.23 However, they conducted their study during
subacute stage of stroke and recruited non-diabetic stroke survivors. In addition, their
intervention and outcome measures are different than ours since our intervention was 8-weeks of
low intensity aerobic walking exercise, and we measured HbA1c which provides the average
reading of glucose level during the previous 8 to 12 weeks.31 In addition, three participants in our
study were diagnosed with type 2 diabetes mellitus. Therefore, it is hard to make a comparison
between the results from Wang et al.23 study and our results. We believe recruiting a large
sample of diabetic and non-diabetic subacute and chronic non-ambulatory stroke survivors into a
randomized control trial will provide us with more definite results on the effect of an aerobic
walking exercise on glucose indices.
We can only compare our result on HbA1c to the findings from ambulatory stroke
survivors due to the lack of past studies that examined the effect of aerobic walking exercise on
the risk of diabetes mellitus in non-ambulatory stroke survivors. Ivey et al.4 reported the
improvement of glucose tolerance and insulin sensitivity in chronic ambulatory stroke survivors
following six months (3 sessions/week) of treadmill walking training. Tang et al.48 investigated
the effect of 6-month mixed exercises (3 sessions/week) with high (intervention group) or low
(control group) intensities in chronic ambulatory stroke survivors. They reported significant
changes in fasting glucose level after the intervention in both groups.48 Although our participants
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were more severely impaired and our intervention duration was relatively short compared to
those two past studies, we still observed an improvement in the measurement of HbA1c,
indicating a great potential of our walking exercise intervention for glycemic control. HbA1c is a
better measurement of glucose level than fasting glucose measurement since it provides an
average reading of glucose level for the past 8 to 12 weeks and therefore minimizing the
influence of a short-term fluctuation in glucose level.31
An observed improvement in rHR in the current study may be partially attributed to an
improvement in fitness level and/or due to changes in autonomic nervous system. Improving
fitness level is related to decrease in rHR.49 We did not directly measure maximum oxygen
consumption, a commonly used indicator of fitness level. However, significant changes before
and after the intervention in body weight support, duration of walking exercise session, treadmill
speed, and body mass index clearly imply an improvement in fitness level. In addition, stroke
survivors may present an impaired autonomic nervous system as a consequence of stroke.50 Past
studies have demonstrated that aerobic exercise is an effective modality in reducing activities of
the sympathetic nervous system and enhancing activities of the parasympathetic nervous
system.26,51 Our walking exercise intervention might have improved autonomic nervous system
function leading to a decrease in rHR. However, we did not have any direct measurement to
confirm such interpretation. Nevertheless, our intervention reduced mean rHR from 72.6 to 68.2
bpm, which is clinically significant in stroke survivors. Past studies suggested that stroke
survivors with rHR > 70 bpm would be at higher risk of fatal or non-fatal myocardial infarction
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and death 53 when compared to stroke survivors with rHR < 70 bpm.
The results of the current study support our choice of the intensity and duration of the

walking exercise. In designing the current study, we did not utilize graded maximal exercise test
to determine the maximum heart rate because the severity of stroke of the participants, and it was
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not recommended if a low intensity exercise are used.6 Instead, we estimated the maximal heart
rate of each participant using the age-predicted maximum heart rate (220 – participant’s age)
which is commonly used in research,54 and subsequently estimated the heart rate reserve based
on the targeted exercise intensity.37 The commonly-used equation for maximal heart rate has
been questioned in terms of underestimating maximal heart rate in healthy older adults, leading
to the effect of underestimating the true level of physical stress imposed during exercise
testing.54 When applying the equation to stroke survivors, true physical stress may even further
be underestimated because stroke survivors are less physically fit than healthy older adults.55 As
mentioned above, the recorded data of RPE during the walking exercise indicate that the
participants in the current study were in fact exercising at a moderate intensity, even though our
initial design using the estimated heart rate reserve was a low intensity exercise. A past study by
Rimmer et al.56 reported significant decreases in SBP (10.3 mmHg) and DBP (8.7 mmHg) after a
mixed exercise program with moderate intensity in ambulatory chronic stroke survivors, but not
after an aerobic exercise with low intensity. Another past study by Potempa et al.57 reported
significant decreases in SBP by 7 mmHg and DBP by 4 mmHg after 10-week of leg cycle
ergometer exercises (3 session/week) in chronic stroke survivors with moderate impairments.
The mean decreases of 8.9 mmHg in SBP and 4.6 mmHg in DBP observed in our participants
after the walking exercise were comparable to the changes reported by Rimmer et al.56 and
Potempa et al.57, despite the fact that our participants were severely disabled. In terms of
intervention duration, past studies have suggested that the duration of at least 8 weeks of aerobic
walking exercise is required to affect cardiovascular health positively.3 Some past studies
reported no significant improvement in rHR or blood pressure in non-ambulatory stroke
survivors after short durations (2 to 3 weeks) of walking training using body weight support
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system and robotic assistive device.26,27 The longer duration, 8 weeks, of walking exercise in our
study might be the reason for the significant improvement in outcome measures.
Although not statistically significant, there is a trend in our data for a decrease in LDL,
with six out of nine of our participants showing a decrease in LDL post intervention. The lack of
significant differences in the LDL measurement could be due to the use of low intensity exercise
in the current study. Past studies have recommended high intensity of aerobic exercise to
significantly lower LDL.58,59 In addition, we did not control for the participants’ diet, which
might have affected the results.
Our results indicate that the walking exercise program may help stroke survivors in
managing their depression. Depression is common in stroke survivors and negatively affects
cardiovascular system and quality of life.60 61 Literature has reported that risk factors of
depression after stroke include female gender and young age,62 left hemisphere lesion,63 and nonambulatory status of stroke survivors.64 Our participants were all non-ambulatory and almost all
had brain lesions in the left hemisphere of the brain, and therefore were prone to depression.
Before our intervention, the mean score of the PHQ-9 for our participants was 7.78±6.57
indicating a mild depression.65 After the intervention, the mean score of PHQ-9 for our
participants was 3.33±2.87 indicating a minimal or no depression.65 Aerobic exercise has been
demonstrated to be an effective intervention in improving symptoms of depression.66 Our
intervention may help non-ambulatory stroke survivors to better manage their symptoms of
depression and promote their participation in rehabilitation programs since depression is a
dominant barrier for stroke survivors for participation in rehabilitation therapy programs.55
Our study has several limitations. First, the small sample size and lack of a control group
limit the internal and external validity of our study. In addition, we did not control for diet during
our intervention period which might have influenced some of our results,67 even though all
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participants reported no changes in their dietary habits during their participation in our study.
Furthermore, we did not objectively measure daily activities of our participants throughout the
intervention period. However, we collected a weekly physical activity log from each participant.
No one reported performing any aerobic exercise at home. Most of their reported activities were
stretching, balance, and hand-therapy exercise.

Conclusion
Our results show that eight weeks of aerobic walking exercise may modify cardiovascular
risk factors in non-ambulatory stroke survivors. Future randomized control studies with larger
sample size are needed to confirm our pilot findings.
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Table 1: Participants characteristics.

Age (years) (range: min - max)

61.8 ± 13.6 (40 – 78)

Men/women

5/4

Stroke type: Ischemic/hemorrhagic

8/1

Hemiparetic side: Left/right

1/8

Time since stroke (months)

27.0 ± 14.3 (7 – 52)

Race: White/African American

6/3

Body mass index (kg/m2) at baseline (range: min - max)

28.7±8.2 (15.7 – 42.8)

Hypertension: Yes/no

8/1

Diabetes mellitus: Yes/no

3/6

Smoker: Yes/no

1/8

Medications: Yes/no

Diabetes:
Beta blockers:
Other blood pressure:
Lipids lowering:

3/6
3/6
8/1
6/3

min: minimum, max: maximum.
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Table 2: Outcome measures for cardiovascular risk factors.

HbA1c (%)
rHR (bpm)
SBP (mmHg)
DBP (mmHg)
LDL (mg/dl)
PHQ-9

PrePostMean
Effect
intervention intervention Differences size
6.1 ± 0.9
5.6 ± 0.7
0.44
1.05
72.6 ± 11.5 68.2 ± 12.5
4.33
1.67
143 ± 14.1 134.1 ± 18.6
8.89
1.05
86.9 ± 11.1
82.3 ± 6.8
4.56
0.73
103.1 ± 23.1 101.4 ± 22.8
1.72
0.12
7.78 ± 6.57 3.33 ± 2.87
4.44
1.01

90% confidence
interval
Lower

Upper

0.19
2.72
3.63
0.71
- 7.48
1.72

0.7
5.94
14.14
8.4
10.93
7.17

p-value
0.01*
<0.001*
0.01*
0.03*
0.37
0.02**

HbA1c: glycated hemoglobin, rHR: resting heart rate, SBP: systolic blood pressure, DBP: diastolic blood pressure,
LDL: low-density lipoprotein, PHQ-9: patient health questionnaire-9.
* statistically significant (p < 0.1), (one tailed).
** statistically significant (p < 0.1), (two tailed).
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RPE: 6 to 20 Borg rating of perceived exertion scale, lbs.: pounds, BMI: body mass index, kg/ m2: kilogram per square meter,
MPH: mile per hour, %: percentage.
¨ These values are the means obtained by the end of the first aerobic walking exercise session and by the end of the last aerobic
walking exercise session (post-intervention).
^ Walking duration: the walking time that was within targeted heart rate zone.
* statistically significant (p < 0.1), (two tailed).

Table 3: Exercise outcome measures.

Figure 1: The assistive device used to assist the participants in hip flexion and ankle dorsiflexion at the swing phase
of a gait cycle on the affected side.
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Chapter 5: Changes in bone biomarkers after an 8-week walking exercise in
non-ambulatory stroke survivors: A pilot study
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Abstract
Background: Stroke survivors are at high risk of osteoporosis and bone fracture. Compared to
healthy people, stroke survivors are less active, and they tend to unload their bones of their
affected lower limb causing rapid increases in bone loss. Non-ambulatory stroke survivors are
largely losing bone health when compared to stroke survivors who walk independently. Yet,
most previous studies have been conducted on ambulatory stroke survivors. Thus, in this study
we aimed to investigate the effect of aerobic walking exercise on bone health in non-ambulatory
stroke survivors using a treadmill, a body weight support system, and a walking training device.
Methods: We recruited nine non-ambulatory stroke survivors (age: 61.8 ± 13.6 years, 5 men, 8
with ischemic stroke). They completed the aerobic walking exercise program (three
sessions/week for eight weeks). Serum concentration of markers of bone turnover, osteocalcin
(OC) and carboxy-terminal telopeptide of type I collagen (ICTP), were measured pre- and postintervention.
Results: OC increased significantly from 8.51±2.28 ng/ml to 9.39±2.97 ng/ml (p = 0.09). Also,
ICTP increased significantly from 4.45±2.58 ng/ml to 5.31±2.92 ng/ml (p = 0.02).
Conclusions: The results suggest that the low intensity aerobic walking exercise may improve
bone health by increasing bone formation markers. However, the initial severe disability of the
participants and the nature of the aerobic walking exercise may initiate the bone remodeling
process slowly.

Key words
Bone, non-ambulatory stroke, walking, bone formation, bone resorption

96

Introduction
Osteoporosis and bone fracture are common complications reported in stroke survivors.1,2
Loss of bone mineral density is noticed largely within six months of stroke onset and is
associated with vascular elasticity, motor impairments, reduced fitness level, and functional
limitations after stroke.3-7 In the affected side, immobility and reduced load on the bone lead to
bone loss and increase the risk of bone fracture in stroke survivors 7-9 who are at high risk of
osteoporosis during the first year post-stroke when compared to healthy individuals.10 During the
first year post-stroke, bone mineral density and lean mass of muscles are lower in the affected
lower limb when compared to non-affected lower limb.8,11 In addition, stroke survivors have
significant lower levels of bone formation markers and significantly higher levels of bone
resorption markers when compared to healthy controls.4
Non-ambulatory stroke survivors are at an even higher risk of bone loss and may benefit
from loading exercise such as walking. Non-ambulatory stroke survivors showed a 4-fold loss in
bone mineral density compared with ambulatory stroke survivors within the first year poststroke.9 Loading exercise, such as walking, is important to prevent bone loss.12 Loading on bones
during walking can help maintain bone density by stimulating factors of bone formation.2,12
Walking exercise using a body weight support increased bone formation markers and decreased
levels of bone resorption markers in people with spinal cord injury.13 To our knowledge, there is
no study that has investigated the effect of walking exercise on bone health in non-ambulatory
stroke survivors who score 2 or less on functional ambulation category (FAC).14
The objectives of this pilot study were to examine possible changes in bone biomarkers
and possible changes in motor function as measured by FAC and Berg Balance Scale (BBS) after
eight weeks of walking exercise in a group of non-ambulatory stroke survivors.

Materials and methods
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Study design
This pilot study was conducted in a single group. The intervention was an 8-week
walking exercise program with three sessions per week. Bone formation and resorption
biomarkers were assessed pre- and post-intervention. We recruited 10 non-ambulatory stroke
survivors, and they: 1) scored £ 2 on FAC, 2) were between 18 and 80 years of age, 3) had a
stroke less than 5 years ago, 4) walked independently before the stroke, 5) were able to follow
directions in English, and 6) were able to attend all of our intervention sessions. We excluded
stroke survivors who had osteoporosis before stroke, and those who currently had renal disease,
unstable medical conditions, or musculoskeletal disorders which might prevent the participant
from doing our intervention. Informed consent was obtained from all participants, and our study
was approved by the institutional review board (IRB) of the University of Kansas Medical
Center (KUMC).
Measurements
On the pre- and post-intervention assessment days, the participant came to our research
laboratory after fasting for 12 hours. The blood sample of 30 mL was collected between 8 and 10
a.m. by a registered nurse from the antecubital vein in the unaffected arm into BD Vacutainer
serum blood collection tubes (red top tubes). Within 30 minutes, after the collected blood clotted,
the tube was centrifuged at 2,500 g for 10 minutes at room temperature, to separate serum.
Serum was transferred into a clean tube and stored at -80° C for future analysis. Each blood
sample was coded, and it had no identifiable subject information. In analyzing the blood sample,
serum concentration of markers of bone turnover, osteocalcin (OC) and carboxy-terminal
telopeptide of type I collagen (ICTP) were determined using Osteocalcin Human ELISA Kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA; catalog #: KAQ1381) and Human ICTP
ELISA Kit (Aviva Systems Biology, San Diego, USA; catalog #: OKEH00680), respectively.
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Serum OC level is correlated with bone formation rate.15 OC has been one of the surrogate
markers used to describe the effects of anti-osteoporotic drugs.16,17 When compared to other bone
resorption markers, ICTP, which is degraded by matrix-metalloproteases (MMPs), has a higher
sensitivity and accuracy as a screening tool for bone resorption in people with lung cancer,18,19
and had a higher correlation with changes in bone mineral density in postmenopausal women.20
We utilized serum rather than urine in measuring the concentrations of OC and ICTP because
serum markers have less day to day variability.15
After the blood sample was taken, a trained physical therapist scored FAC and BBS for
the participant. The FAC uses a classification system of six categories. The lowest classification
is Category 1 which indicates nonfunctional ambulation and the highest classification is
Category 6 which indicates independent ambulation on varying surfaces.14 Category 2 indicates a
need of continued contact assistance from one person for an individual to walk safely.14 FAC is a
reliable and a valid measure in stroke survivors.21 The BBS is a test of individual’s balance
consisting of 14 items. These items evaluate sitting, standing, and weight transfer activities that
are each scored on a 5-point scale.22 The BBS has a maximum score of 56, with higher values
signifying better balance. The inter-rater and intra-rater reliability of the BBS have been found to
be high within stroke patients.23
Aerobic walking exercise
During aerobic walking exercise, a participant walked on a treadmill for about 30
minutes, three times per week for eight weeks. A harness was attached to the ceiling and was
tightened around participant’s waist, thighs and hips to support partial body weight and protect
the participant from falling. About 40% of the participant’s weight was supported initially at the
first training session. The body weight support was gradually reduced over time in late training
sessions, if the participant could perform the walking exercise. We utilized an assistive device to
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help the participant in making steps forward by the affected lower limbs (Figure 1). Using this
device, a physical therapist was able to provide the affected lower limb with assistance in hip and
knee flexion and ankle dorsiflexion during swing phase by pulling a cable.24 To reach a low
intensity exercise, the target heart rate zone was between 30% and 40% of exercise intensity
using the heart rate reserve. The equation to calculate the heart rate reserve is the following:
[(maximum heart rate – resting heart rate) * % of targeted exercise intensity] + resting heart
rate.25 The maximum heart rate was determined using an age-predicted maximum heart rate (220
– participant’s age),25,26 and we subtracted 10 beats if the participant was on a beta blocker
medication.27 The walking exercise started with two minutes of warming up at the speed of 0.6
mile/hour. The treadmill speed was then increased gradually until the heartrate reached the target
heart rate zone. We ended a session of walking exercise with two minutes of cooling down. The
duration of a walking exercise session was determined individually according to the participant’s
tolerance. It was initially set at 10 minutes and increased weekly by 5 minutes until the targeted
duration of 30 minutes was reached for each session. An optical heart rate sensor (Polar OH1)
was placed on participant’s non-affected forearm to monitor heart rate continuously during the
walking exercise. One physical therapist stood behind the participant to control trunk movement
and to encourage the participant verbally. Another physical therapist operated the walking
assistive device by pulling and releasing a cable to assist every step forward of the affected
leg/foot.24 Blood pressure of the participant was monitored before, in the middle, and at the end
of each exercise session to ensure safety. If the participant felt tired, we would pause the walking
exercise for two minutes and measured the blood pressure of the participant for safety purposes.
At the end of each exercise session we asked the participants to rate the intensity of exercise
using the 6 to 20 RPE scale. In a daily exercise log, we recorded the RPE, treadmill speed,
percentage of body weight supported, and duration of the session after each exercise session.
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Each exercise session throughout the intervention process lasted approximately one hour,
ranging from 30 to 60 minutes, including the time for set up.

Statistical Analysis
The data were analyzed using the IBM Statistical Package for the Social Sciences for
Windows (SPSS) (Version 25, Armonk, NY; IBM Corp). Descriptive statistics were utilized to
report means, standard deviations, and confidence intervals for all outcome measures. Paired ttest as well as Wilcoxon signed rank test were used to compare post-intervention data to preintervention data. Alpha was set at 0.1 due to limited sample size 28 (one tailed for OC and ICTP)
and (2 tailed for FAC and BBS).

Results
Ten non-ambulatory stroke survivors were recruited and consented to participate in our
study. Due to family reasons, one of the participants withdrew from the study. Nine participants
(age: 61.8 ± 13.6, 5 men, 8 with ischemic stroke) completed all exercise and assessment
sessions; and their results were included in the analysis. Table 1 shows the participants
characteristics before the intervention. When comparing pre-intervention to post-intervention
results, OC increased significantly (p<0.1) from 8.51±2.28 ng/ml to 9.39±2.97 ng/ml, and ICTP
increased significantly (p<0.1) from 4.45±2.58 ng/ml to 5.31±2.92 ng/ml (table 2). Specifically,
OC level increased in 5 out of 9 participants, and ICTP level increased in 6 out of 9 participants.
FAC and BBS also increased significantly (p<0.1) from 1.0 to 1.33, and from 7.22±10.02 to
15.78±14.81; respectively. The results were similar when we utilized Wilcoxon signed rank test
(nonparametric) and paired t-test (parametric).

Discussion
In this pilot study, both a bone formation marker (OC) and a bone resorption maker
(ICTP) significantly increased after the 8-week walking exercise in a group of non-ambulatory
101

stroke survivors. We expected an increase in OC and a decrease in ICTP. The observed increase
in ICTP in our results was unexpected. Our results suggest that bone remodeling is taking place
in our study participants and it is likely triggered by the exercise. The bone remodeling is a
dynamic process, with bone resorption and formation events taking place simultaneously and
asynchronously in different places in the skeleton.
The aerobic walking exercise may lead to enhanced bone formation as indicated by a
significant increase in OC. OC is produced by osteoblasts and generally regarded as a marker of
bone formation, with the majority of it being incorporated into the bone matrix but about 10% to
30% released into circulation.29,30 No previous studies have reported changes in OC in nonambulatory stroke survivors after walking exercise. The changes of 0.88 ng/ml in mean OC after
8 weeks (3 sessions/week) of walking exercise in the current study is comparable to similar
studies in patients with spinal cord injury, if adjusting for similar duration of the exercise
program. In people with paraplegia, a body weight supported gait training for 12 weeks (3
sessions/week) significantly increased the level of OC by 0.25 ng/ml.31 In a group of adults with
incomplete spinal cord injury, four months (3 sessions/week) of assisted walking with functional
electrical stimulation increased the level of OC by 1.07 ng/ml.32 Body weight supported gait
training with neuromuscular electrical stimulation for six months (2 sessions/week) increased the
level of OC by 3.78 ng/ml.13 An important parameter in these past studies affecting the change of
OC level is the duration of exercise program. In fact, it has been reported that six to 12 months 8
or more of weight bearing exercise 33 might be needed to demonstrate the significant
improvement in bone mineral density. Future studies may examine the improvement in bone
health using a longer duration of the aerobic walking exercise intervention in non-ambulatory
stroke survivors.
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The literature has indicated that the biomarker ICTP might respond to exercise programs
differently over time. ICTP is the fragment of carboxy-terminal peptide of type I collagen
released from bone matrix by MMPs, reflecting bone resorption.18,34 In a study that tested the
immediate effect of aerobic exercise in healthy young adults, ICTP significantly increased.35 A
past study showed that ICTP increased after one session of walking exercise, but decreased after
one session of resistance exercise.36 Improvements in bone health usually go through a bone
remodeling process involving several phases that may take up to 6 months.37,38 These phases
include a bone resorption phase which lasts for two weeks, a reversal phase which lasts for
nearly a month where both bone resorption markers and bone formation markers are present, and
a bone formation phase which lasts for four months. The increased ICTP marker in the current
study might imply an early stage of bone remodeling process occurred at the end of 8 weeks of
walking exercise. Important reasons for such late initiation of bone remodeling process of the
walking exercise program may include the slow progression in reducing body weight support
throughout the 8-week intervention and the nature of aerobic exercise.
The type of exercise is an important factor in both the initiation and the progression of
bone remodeling process. A study in older healthy women reported significant increase in bone
mineral density after eight months of resistance exercise compared to eight months of aerobic
exercise.39 A single session of resistance exercise in older women with osteoporosis decreased
the bone resorption marker compared to a single session of aerobic exercise.36 Expectantly,
aerobic exercise is less effective in loading and straining bones compared to resistance
exercise.36,39-41 However, given the severe sensorimotor impairment, resistance exercise
generally is not feasible for non-ambulatory stroke survivors. Importantly, the results of the
current study indicated the potential of aerobic walking exercise for improving bone health in
non-ambulatory stroke survivors, even though at a slow pace. There are no exercise guidelines
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that recommend the optimal type of exercise to enhance bone health in stroke survivors.33 Future
research is needed to generate clinical evidence that may help developing specific exercise
guidelines.
Some participants showed improvement in their walking ability after the intervention. All
nine participants scored 1 on FAC at baseline indicating a need for the maximal assistance in
walking. After the intervention, three of them improved their FAC scores to 2, which indicated
that they need only manual contact to walk safely and to maintain balance. Improvement in
walking ability after treadmill walking training in non-ambulatory stroke survivors has been
reported in the literature.42 In a study by Cho et al.,43 a treadmill, body weight support system,
and a robotic assistive device were used in gait training for non-ambulatory stroke survivors (3
sessions/week for four weeks). The mean difference of FAC reported in their study was 0.4,
which is similar to the change of mean FAC observed in the current study (0.33).
Improved balance control in our participants could be related to their improved walking
ability. Stroke survivors with severe impairments have impaired balance control, which is a
barrier to locomotion and daily physical activities.44 Walking ability is positively correlated with
BBS in chronic stroke survivors.45 Walking training is an effective modality to enhance balance
in stroke survivors.43,46 Walking exercise involves the unaffected lower limb, and can lead to
improvement in balance in chronic stroke survivors who could walk independently.44 In nonambulatory stroke survivors, dynamic standing therapy 47 and gait robotic gait training 43 can
improve balance measured by BBS. During our intervention, the participants are forced to fully
load their unaffected lower limbs while maintaining a balance of their lower limbs and trunks. As
a result, their balance control improved.
This study has several limitations. First, due to a small sample size and no control group,
results of the current study should be interpreted with caution. Second, we utilized only one bone
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formation marker (OC) and one bone resorption marker (ICTP). Including more bone formation
and resorption markers, as well as evaluation of bone density using imaging techniques, in future
studies will provide researchers with a better picture of bone’s response to walking exercise in
non-ambulatory stroke survivors. Third, we did not control for medications that may affect bone
quality such as vitamin D supplements.2,48 In addition, we did not control for other medications
such as some diabetic medications which might increase bone loss.49 We also did not control for
diet especially food that provide calcium or vitamin D. Finally, we did not control for other
covariates that might affect the results of this study such as diabetes,50 time since stroke, stroke
severity,51 sex hormones,52 fitness level,7 and season when collecting blood samples.15

Conclusion
The 8-week aerobic walking program may be an effective intervention in improving bone
health, as shown by the increase in a bone formation marker levels observed in the current study.
However, it seems that progression in initiating bone remodeling process was slow, probably due
to the severe disability of the participants and the nature of aerobic exercise. Future studies with
larger sample size and a control group are needed to confirm the findings of this pilot study.
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Table 1: Participants characteristics.

Age (years) (range: min - max)

61.8 ± 13.6 (40 – 78)

Men/women

5/4

Stroke type: Ischemic/hemorrhagic

8/1

Hemiparetic side: Left/right

1/8

Time since stroke (months)

27 ± 14.3

Race: White/African-American/other

5/3/1

Body mass index (kg/m2)

28.6 ± 8.2

Vitamin D supplements: Yes/no

5/4

Anti-depression drugs: Yes/no

4/5

min: minimum, max: maximum.
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Mean ± standard deviation. CI: confidence interval, OC: osteocalcin, ng/ml: nanograms per milliliter, ICTP:
carboxy-terminal telopeptide of type I collagen, FAC: functional ambulation category, BBS: Berg Balance Scale.
* statistically significant (1 tailed) (p = 0.1)
** statistically significant (2 tailed) (p = 0.1)

Table 2: Outcome measures.

Figure 1: The assistive device used to assist the participants in hip flexion and ankle dorsiflexion at the swing phase
of a gait cycle on the affected side.
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Chapter 6: Summary of findings and conclusion
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Summary of findings
The results presented in this dissertation demonstrated that our intervention, a low
intensity aerobic walking exercise using a treadmill, body weight support system, and lower limb
assistive walking device, was feasible and safe in non-ambulatory stroke survivors. In addition,
after the intervention our participants showed improvement in pulmonary function shown by
increases in vital capacity (VC) and forced vital capacity (FVC), cardiovascular health shown by
decreases in glycated hemoglobin (HbA1c) levels, resting heart rate (rHR), systolic blood
pressure (SBP), diastolic blood pressure (DBP), and bone health shown by an increase in
osteocalcin (OC), a bone formation marker.
Our intervention affects the secondary outcome measures positively since it reduced
depression as evidenced by decreased Patient Health Questionnaire-9 (PHQ-9) scores, and our
intervention improved walking ability as judged by increased functional ambulation category
(FAC) score and balance based on increased Berg Balance Scale (BBS) score. Although we did
not measure the fitness level directly, increasing the means of duration of walking exercise and
the speed of treadmill, and reducing the mean of percentage of body weight support imply an
improvement in fitness level.
In chapter one, we introduced the health sequelae after stroke focusing on decline in
cardiovascular, pulmonary, and bone health. Then we reviewed the pharmacological and nonpharmacological (such as aerobic exercise) interventions for stroke survivors in general. We
explained the significance of this dissertation project and listed specific aims and hypotheses.
In chapter two, we focused on non-ambulatory stroke survivors by reviewing the health
benefits of aerobic walking exercise on pulmonary, cardiovascular, and bone health in nonambulatory stroke survivors. Only seven studies in the literature reported cardiovascular
measures after aerobic exercise programs in non-ambulatory stroke survivors. No study has
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investigated the effect of aerobic exercise on pulmonary function or bone health in nonambulatory stroke survivors. We summarized the health issues in the cardiopulmonary and
skeletal systems and the current state of clinical research findings of aerobic walking exercise in
non-ambulatory stroke survivors. We reviewed the aerobic exercise guidelines for nonambulatory stroke survivors. Then, we reviewed the relevance of exercise position (standing vs.
sitting) in terms of its potential effect in improving or maintaining the health of cardiopulmonary
and bone systems in non-ambulatory stroke survivors. We briefly reviewed the development of
walking assistive devices that makes walking exercise feasible for non-ambulatory stroke
survivors.
In chapter three, we examined the feasibility and the effect of 8-week aerobic walking
exercise on lung function in non-ambulatory stroke survivors using a treadmill, body weight
support system, and gait training device. Nine non-ambulatory chronic stroke survivors
completed the walking exercise, and pulmonary function test was conducted on eight of them.
We showed that 8 weeks of aerobic walking exercise was feasible. Among the nine participants
who completed the intervention, the compliance rate was 100%. Overall, the attrition rate was
10%. There were significant differences between pre- and post -intervention assessments in FVC
(p= 0.09), percentage of predicted VC (p= 0.08), and percentage of predicted FVC (p= 0.08).
The results are promising and suggest that the low intensity aerobic walking exercise may
improve lung function. However, more studies are needed.
In chapter four, we examined the effect of low intensity aerobic walking exercise on
cardiovascular risk factors in non-ambulatory stroke survivors. Nine non-ambulatory stroke
survivors completed the intervention and assessment of cardiovascular function. Significant
changes in HbA1c, rHR, SBP, DBP, and PHQ-9 were observed after the intervention. In
addition, body weight, body mass index, and the percentage of the body weight support
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decreased significantly while the duration of walking exercise and treadmill speed were
increased significantly after the intervention. The results in this chapter suggest that the aerobic
walking exercise may improve cardiovascular function and fitness level in non-ambulatory
stroke survivors.
In chapter five, we examined the effect of aerobic walking exercise on bone health in
non-ambulatory stroke survivors. Nine non-ambulatory stroke survivors completed the aerobic
walking exercise program. OC increased significantly from 8.51±2.28 ng/ml to 9.39±2.97 ng/ml
(p < 0.1). ICTP increased significantly from 4.45±2.58 ng/ml to 5.31±2.92 ng/ml (p < 0.1). The
results suggest that the low intensity aerobic walking exercise may improve bone health by
increasing bone formation as judged by the respective markers. However, the low intensity
aerobic walking exercise may initiate the bone remodeling process slowly, which might be due
to the initial severe disability of the participants and the nature of the aerobic walking exercise.
FAC and BBS were increased significantly from 1±0.0 and 7.22±10.02 to 1.33± 0.5 and
15.78±14.81, respectively.

Limitations
The sample size in this dissertation research was small and might hinder the power to
detect significant changes in some of our proposed variables. This project was a pilot project. We
hope that the information from this dissertation project can be used in designing future clinical
studies. In addition, this dissertation project included a single intervention group without a
control group, which might be a risk for bias.
We did not control for potential influences of important covariates including age, gender,
ethnicity, genetics, comorbidities, medications, time since stroke, type of stroke, fitness level,
sex hormones, and diet. We did not have a long term follow up assessment to investigate the
long-term effect of low intensity aerobic walking exercise in non-ambulatory stroke survivors.
116

Since we have a small sample size, nonparametric statistical methods are preferred. However, the
results were similar when we utilized Wilcoxon signed rank test (nonparametric) and paired ttest (parametric).

Future directions
A randomized control trial with single blinding of assessors, a longer intervention
duration, and a long-term follow up assessment are needed to investigate the effect of the low
intensity aerobic walking exercise using treadmill, body weight support system, and walking
assistive device on pulmonary function, cardiovascular health, and bone health in nonambulatory stroke survivors. Furthermore, using a multi-center trial design may help to
overcome the difficulty in recruiting non-ambulatory stroke survivors for the trial.
Future trials may need to examine the influence of covariates including age, gender,
ethnicity, genetics, comorbidities, medications, time since stroke, type of stroke, fitness level,
sex hormones, and diet, which may affect pulmonary function, cardiovascular system, and bone
health.
Furthermore, future studies may include additional cardiovascular measurements such as
left ventricular function and peripheral and central blood flow. It would be interesting and
important to examine whether the low intensity aerobic walking exercise could affect those
measurements in non-ambulatory stroke survivors. In addition, a comparative trial to compare
the effect of the low intensity aerobic walking exercise to that of the standing several times a day
on cardiovascular risk factors and bone health in non-ambulatory stroke survivors.
Recruiting non-ambulatory stroke survivors into the study was a challenge task in our
study. The lack of transportation and family support were the major barriers for enrollment.
Future studies may enhance the enrollment effort by providing transportation to study
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participants or providing the intervention in nursing home or other facilities where nonambulatory stroke survivors may live in or nearby.

Conclusion
The findings of this dissertation project prove the feasibility and safety of conducting the
low intensity aerobic walking exercise for non-ambulatory stroke survivors. In addition,
pulmonary function, cardiovascular health, and bone health showed promising improvements in
non-ambulatory stroke survivors after the low intensity aerobic walking exercise. Future studies
might utilize the data from this pilot project to design randomized control trials to better
understand the effect of low intensity aerobic walking exercise on pulmonary function,
cardiovascular health, and bone health in non-ambulatory stroke survivors. Future studies could
also utilize different aerobic walking exercise intensities and/or durations. Future studies are
needed to create guidelines for an optimal aerobic exercise program with specific details about
type, intensity, duration, and frequency of exercise.
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