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Abstract
Background: Spinal cord injury (SCI) is a serious medical condition that impacts sensorimotor
function and quality of life. Following SCI, individuals are subjected to various secondary
complications, including cardiovascular events. Evidence showed that cardiovascular disease
(CVD) is the common leading cause of death among people living with SCI. Physical inactivity
in people with chronic SCI due to impaired/loss of motor function reduces cardiovascular fitness
and increases multiple risk factors of CVD, including lipid profile disorder, diabetes, and
elevated level of pro-inflammatory markers. Those factors play important roles in the
development of CVD. Using body weight-supported treadmill training (BWSTT) as a form of
aerobic exercise in people with SCI has shown promising results in improving cardiovascular
fitness, as indicated by decreased resting and exercise heart rate (HR). However, the underlying
mechanisms of resting and exercise HR adaptation after training are still unknown. Changes in
leg muscle activity, cardiac autonomic function, lung capacity, and leg muscle spasticity after
training might contribute to the change in HR, but quantitative examinations are needed. In
addition, limited evidence is currently available concerning how BWSTT affects risk factors of
CVD, including lipid profile, glycemic control, and levels of pro-inflammatory markers.
Therefore, the objectives of this pilot study were: 1) to examine feasibility of an 8-week walking
training program using a novel assistive training device in patients with chronic SCI; 2) to
examine the potential association between changes in resting and exercise HR and changes in
four potential factors after 8-week walking training in individuals with chronic SCI; and 3) to
collect pilot data before and after the 8-week walking training program for evaluating changes in
risk markers of CVD in study participants. Methods: This study used a pilot, single-group,

pretest-posttest study design. All participants received 3 sessions a week for 8 weeks of walking
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training, using a treadmill, body weight-supported system, and novel assistive gait training
device. Feasibility measures of recruitment, retention, compliance, and participants’ performance
were collected throughout the study period. Participants’ perception about the walking training
program and assistive gait training device were evaluated at the end of the study. Measurements
of resting and exercise HR, electromyographic (EMG) activity of leg muscles, frequency-domain
and time-domain measures of heart rate variability (HRV), vital lung capacity, and spasticity of
leg muscles were performed before and after training. In regard to changes in risk markers of
CVD, levels of hemoglobin Alc (HbAIc), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), C-reactive protein (CRP), and interleukin-6 (IL-6)
were assessed before and after training. Results: Among 55 participants who were screened for
eligibility, 15 participants agreed to enroll in the study, and a total of 11 participants completed
the study. However, 3 participants withdrew from the study, and one participant was excluded
from the study. Throughout the period of training, all participants were able to progress in their
walking performance in terms of treadmill speed, walking distance, walking duration of the
training, and percentage of body weight support. Based on responses to the end intervention
questionnaire, the majority of participants showed acceptance and satisfaction with the walking
training program and the use of the assistive gait training device. The change in the EMG
activity of leg muscles was the only significant contributing factor to the change in exercise HR
among the four factors examined. The changes in low-frequency power, high-frequency power
and root mean square of the successive differences of HRV, and the change in vital lung capacity
showed significant correlations with the change in resting HR. Following the walking training,
levels of HbAlc, LDL-C, IL-6 significantly decreased, while the levels of HDL-C significantly

increased. Conclusion: The findings of this dissertation project demonstrated the feasibility of
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the 8-week walking training program as well as using our novel assistive training device in
individuals with chronic SCI. The significant contribution by the increase in activities of leg
muscles to exercise HR adaptation supports the clinical application of walking training targeting
at improvement in cardiovascular function in individuals with chronic SCI. The exercise induced
beneficial effect in modulations of cardiac autonomic function and lung capacity, which were
significant contributors to resting HR adaptation. Besides, positive changes in risk markers of

CVD were observed in individuals with chronic SCI following training.



Acknowledgments

First of foremost, I would like to express my thankful to Allah, my God, who has been on
my side at all times throughout this academic journey and for this accomplishment as well as

everything happening in my life.

I would like to thank my PhD adviser, Dr. Wen Liu, for his patience, constructive advice
and continuous support throughout these years. His guidance has helped me increase depth of my
research skills and realize my potential for research. Thank you, Dr. Liu, for your guidance to
accomplish my dream by obtaining my PhD. My thanks also go to my committee members, Dr.
Irina Smirnova, Dr. Hannes Devos, Dr. Linda D’Silva, and Dr. Milind Phadnis for their valuable
comments, support, and guidance. Without my adviser and committee members, it would not be

possible to achieve this journey.

Besides that, I would like to thank all members of Neuromuscular Research Laboratory
for contribution and help in my research project. Without my lab mates’ help, I would not be

able to complete this research project.

I would like to express my deepest grateful to my parents and my wife for all of their
prayers and encouragements to achieve my goals. Special thanks to my wife for all of perpetual
support, not only throughout these years but also in my whole life. Big thanks to my children,

Albaraa and Danah, for making my life for making my life flourish and full of happiness.

Last but not least, I would like to express my gratitude to my sponsorship, Jazan
University, for providing me an opportunity to pursue my higher education and their financial

support through these years.

vi



Table of Contents

Chapter 1: INIrOQUCTION. ......c.eiiiiiiie ettt ettt e s e e et e esbeessaeeseesaseenbeessseenseas 1
1.1, BaCK@IOUNd........oioiiiiiieiiee ettt ettt sttt et e b e ssaeeneeeaneens 2
1.1.1. An Overview of Spinal Cord Injury (SCI) .......ccceevviiiniiiiiiiiiiieieeeeee 2

1.1.2. Cardiovascular Disease (CVD) in Patients after SCI ............ccccveeviirirannnnne. 3

1.1.3. Risk Factors of CVD in SCI Population...........cccceeeveevieniienieniieiieeieeieene 3

1.1.4. Beneficial Effects of Exercise on Risk Factors of CVD .......c.cccccevviviinennne. 7

1.1.5. Why Upright Walking Training ..........ccceeceervierieenieeniienieeieeeieeiee e 12

1.1.6. Heart Rate Adaptation to Walking Exercise in SCI.........cccccevivvininicnnnene. 15

1.1.7. Assistive Gait Training Device with Treadmill Walking............cccccccenee. 19

1.2, SIGNITICANCE ...nvieiieciiteiee ettt ettt ettt e e st eesbeesseeenbaeeseeenseennns 21
1.3, INNOVATION ..ottt ettt sttt et sbe et set e bt et e eatesaeenee 23
1.4, SPECITIC ATMS ...viiiiiiiiieiie ettt ettt ettt et et e e be e st e esbeesseeenbeesseeenseennns 23

Chapter 2: Effect of Body Weight—Supported Treadmill Training on Cardiovascular and

Pulmonary Function in People with Spinal Cord Injury: A Systematic Review .........cccccceeneeee. 39
2.1, INEOAUCIION ..ttt et sttt s 42
2.2 METROAS ...ttt sttt st 44

2.2.1. SarCh Strate@y .....cceeiiieiiiieiieiieeie ettt ettt 44
2.2.2. Study ELigibility Criteria ........ccceeriieriieeiieiieeieeieeeie et 45
2.2.3. Study SelECHION ....ccviiiiieiieeiiieieeee ettt 46
2.2.4. Data EXTraCtION ....ec.eeiiiiiiiiieriieieeieseteie ettt sttt 46
2.2.5. Assessment of Quality Study and Level of Evidence ..........ccccoceevivennennnen. 46
2.3 RESUILS ettt sttt 47
2.3.1. Quality Assessment for Included Studies...........ccceeevievienciiiniiniiieieieee, 48
2.3.2. Levels of Evidences for Included Studies ...........coceveriinieninnienieneniennne 48
2.4, DISCUSSION. ...c.utiutieuieiieteete sttt ettt ettt et sb et b et e e st e bt et ea b e sbeebesatesbeenbeeaeenaeenee 48
2.4.1. Heart Rate Measurements. .........cceuerveerieeiiienienieenieeieeniie e 49
2.4.2. Blood Pressure Measurements ..........c.ccecueeeereerienienennieneeneeniesieenieeseesinens 51
2.4.3. Respiratory Parameters........ccoecueerieeriieniieiiesieeieeeee et 53
2.5, CONCIUSION ...ttt ettt st sb et st e e 54

vii



Chapter 3: The Feasibility of an 8-Week Walking Training Program Using a Novel Assistive

Gait Training Device in Individuals with Spinal Cord Injury ..........ccccoecveeviiniieniiniieieeieeee 66

3.1 INErOAUCTION ...ttt sttt ettt et sbe e e 69

3.2 METROMS ..ot 71

3.2.1. PartiCIPANT....vieiiiiiieciie ettt ettt ettt ettt ettt e st e et esabe e e e enbeeseeenbaens 71

3.2.2. StUAY DESIZN .ottt en 72

3.2.3. Walking Training ProtoCol..........ccecieiiiiiiiiiiiiiieie et 72

3.2.4. Feasibility Outcome MEASUIES ..........ccceeriirriieriieniieeieenieeeieeieeeneenseesneeens 73

3.2.5. Muscle Strength of Lower EXtremity .........ccccoeeieriiniieenieniieiieeieeeeeeene 74

3.2.6. Level of Functional Independence .............cccceeeevierieniiienieniieiieeieeeeee 74

3.2.7. Level of Depression, Anxiety, and Stress .........ccevveerrieeneeriirenieenieeneeneens 75

3.2.8. Health-Related Quality of Life (HRQOL) ......ccceeviiiiiiieiiicieeieeeeee 75

3.2.9. Statistical ANALYSIS ..cc.eieeiieriieiiieriieeieeee ettt 75

3.3 RESUILS ettt st 76

3.3.1. Feasibility OULCOMES ........cccveiiiieriiieiieiieeieeiie ettt ens 76

3.3.2. Muscle Strength of Lower EXtremity .........cccccoeeievieniiienieniieieeieeieeeeene 78

3.3.3. Questionnaire OULCOIMES .......ccveeeiurieeiiiieeiieeereeeereeeereeesireeerreeeaaeeeeseeeeens 78

3.4, DISCUSSION. ...ttt ettt ettt ettt sttt st e bt et e ea b e bt et e sbe e bt et e sbte bt eatesbeenaeenees 79

3.5, CONCIUSION ...ttt sttt et b et e b et sbe et e e sbeenaeeaees 83
Chapter 4: Potential Factors of Heart Rate Adaptation after 8§ Weeks of Walking Training in

Individuals with Chronic Spinal Cord Injury — A Preliminary Study ........ccccoevveevviienienciinniiennne 95

4.1, INEEOAUCTION ...ttt et et sttt sae e 98

4.2, METROAS ...t sttt st st 100

4.2.1. PATtICIPANTS ....veeiiieiiieeiieeteeeiee ettt et ettt et e et e eaee et e eseesnseesaesnsaenseeenns 100

4.2.2. StUAY DESIZN ..oovviiiiieiieeiieie ettt 101

4.2.3. Walking Training Protocol ...........ccoociiriiiiieniiiiieieeeee e 101

4.2.4. Resting and Exercise Heart rate (HR) .......cccoooeviieiiiniiiiieec 103

4.2.5. Electromyography Activity of Lower Limbs Muscles..........c.cccceveenenee. 103

4.2.6. Measurement of Cardiac Autonomic Function ..........cccceeevveenerieneenennne. 104

4.2.7. Lung Vital Capacity ......ccceevieeiiieniieeiieiie ettt ettt 105

4.2.8. Muscle Spasticity for The Lower EXtremities........occoveeverienenreneenennne. 105

viii



4.2.9. Statistical ANALYSIS ...ccveeeiieiieeiieiie ettt 106

4.3 RESUILS ettt sttt sttt 106
4.3.1. PATtICIPANTS ....veeiieeiiieiieeieeeite ettt ettt ettt e et e et eenbeeseesnseesaesnseenseeeens 106
4.3.2. Change in Resting and Exercise Heart Rate............cccecveviiiciiinieninenenne, 107
4.3.3. Changes in Relevant Factors ..........cccceeviieiiieniiiiieieeiceee e 107
4.4, DISCUSSION. ...cueeutieiietieteette st eet ettt et et et et e s bt e bt et e sbe e be et e sbe e bt saeesbeebeesbesbeensesaeens 109
4.5, CONCIUSION ...uiiiiieitete ettt sttt st be et beeaesaeens 116

Chapter 5: The Effects of Walking Training on Cardiovascular Risk Markers in People with

Chronic Spinal Cord INJUIY .......cocoviiiiiiiieie ettt et e e e eaeeneeas 134
5.1 INEOAUCLION ..ottt ettt sb et sae e b 137

5.2 MEROMAS ..o st 140

5.2.1. PArtiCIPANES ....eeiiiieiieeiiieiie ettt ettt ettt et e e et e siae et esaeeesaesneeenseeenns 140

5.2.2. StUAY DESIZN ..cveviiiiieiiieiieeieee ettt et e 141

5.2.3. Walking Training Protocol..........cccooiieiiiiniiiiiiieeiieeeeee e 141

5.2.4. Glycated Hemoglobin Alc (HDAIC)....ccoooiieiiiiniieieiieeeeeeeee e 143

5.2.5. Lipid Profile and Pro-inflammatory Markers.........c..ccccevvievieneniencenennne. 143

5.2.6. Statistical ANALYSIS ...ccveevieiiiiiieeiierie et 144

5.3 RESUILS Lottt 144

5.3.1. PartiCIPANTS ....eeeuiieiieeiiieciie ettt ettt ettt ettt e seee et e et eenbeeens 144

5.3.2. Changes in The Levels of Cardiovascular Risk Markers.............c........... 145

5.4 DISCUSSION. ..c.utentiintiriieittete ettt ettt ettt sae et e e sh e be et e e bt e sbeeatesbeesbeesbesatenbeensesaeens 146

5.5, CONCIUSION ...ttt ettt ettt et e bt et saeenbeetesaeens 149
Chapter 6: Summary of Findings and Conclusion .............cccceevieriiiiieniienienieeeeee e 160
6.1. SumMmary of FINAINGS ....ccveviiiiiiiiieiieeeee e 161

0.2, LIMIEALIONS .....eetiiiiiiieitieteeieset ettt ettt sttt ettt e e st e bt et sbeenbeetesaeens 164

6.3. FULUTE DITECHIONS ...euviiiiiiiciiesit ettt ettt sbe e 165

6.4. Potential Clinical RElEVANCE........cccueviiiiiiiiiiiieiiesteeceeeeeeee e 166

0.5, CONCIUSION ...ttt ettt ettt et sbe e bt et sbeesbeenaesaeens 166
APPEIUAICES ...o.evieiiieiiieeiie et eie et e et e et e sttt et e s ete e bt e e abe e b eessaeeabeeeabeen bt e anbeeabeeeabeenbeeenbeenteeenbeenbeeenes 167

X



Chapter 1: Introduction



1.1. Background

1.1.1. An Overview of Spinal Cord Injury (SCI)

The spinal cord is a bundle of nerves that run throughout spinal columns and has 31
segmental levels. It is responsible for carrying out neuronal signals back and forth between the
brain and peripheral nerves. Damage to the spinal cord can lead to disability (loss of sensory or
motor functions) and disruption in functions of some organs due to loss of connections between
the brain and body parts.[1] SCI may be a consequence of traumatic injury (such as motor
vehicle accident, falls, sports-related injuries, gunshot, or knife wound) or non-traumatic injury
(such as inflammation, infection, ischemia, or spine degeneration). It is classified as quadriplegia
(tetraplegia) or paraplegia.[2] Quadriplegia can result from an injury in the cervical region,
which involves loss of sensory or motor function in all four limbs. Paraplegia can occur as the
result of an injury at T1 or below, which involves loss of function in the trunk and legs [1]. SCI
is often described as incomplete or complete injury in sensory or motor function. In the
incomplete injury, there is some degree of sensory and/or motor function remaining below the
site of lesion, whereas all sensory and motor functions are lost below the site of the lesion for the
complete injury. The American Spinal Injury Association (ASIA) has established a scale for
classification of SCI [3]: A= no sensory and motor function; B = sensory is preserved, but no
motor function; C = motor function is preserved and more half of key muscles below the lesion
site < grade 3; D = motor function is preserved and at least half of key muscles below the lesion

site > grade 3; E = normal sensory and motor function.

In the United States, the incidence of SCI has been estimated to be 17000 new cases per
year. The number of people in the United States who were alive in 2016 and had SCI was

estimated to be approximately 282,000. The frequency of neurological categories of SCI is



incomplete quadriplegia (47.2%), incomplete paraplegia (20.4%), complete paraplegia (20.2%),
and complete quadriplegia (11.5%).[4] About 80 % of SCI occurs in individuals aged between
18 and 30 years-old [5, 6]. It was reported that about 53-70% of individuals SCI are unable to
walk independently at one-year post-injury [7, 8]. SCI is a serious medical condition that impacts
sensorimotor function and quality of life. Following SCI, individuals are subjected to various

secondary complications, including cardiovascular events [9, 10].
1.1.2. Cardiovascular Disease (CVD) in Patients after SCI

With advances in medical care, the life expectancy of people with SCI has increased
significantly as compared to the past few decades [11]. However, cardiovascular disease (CVD)
is the common leading cause of death among people living with SCI and occurs at an early age in
people with SCI as compared to able-bodied people [12]. The findings are consistent in
demonstrating a high prevalence of CVD among people with SCI [5, 13]. It has been estimated
that the prevalence rate of symptomatic CVD in the SCI population (30-50%) is significantly
higher compared to the able-bodied population (5-10%) [4]. The SCI population has 3 times
higher risk of heart disease and 4 times higher risk of stroke compared to the general population
[14]. In terms of mortality from CVD, a cohort study that followed individuals with SCI for five
years after discharge from inpatient rehabilitation found that 37% of individuals died due to

cardiovascular causes [15].
1.1.3. Risk Factors of CVD in SCI Population

Physical inactivity is a major risk factor for the development of CVD in the general
population [16, 17]. Likewise, lack of physical activity and/or prolonged sitting in people with
SCI is associated with the increased risk of CVD [18]. Previous studies reported low levels of

dynamic physical activity among individuals with chronic SCI, and around 50 % of them did not



meet recommended levels of physical activity for people with disabilities [19, 20]. Physical
inactivity contributes to increase in multiple risk factors of CVD, including reduced
cardiovascular fitness, abnormal lipid profile, diabetes mellitus, and elevated levels of pro-
inflammatory markers [18, 21, 22]. It is well known that reduced cardiovascular fitness as
indicated by increased resting and exercise heart rate (HR) is associated with increased risk of
CVD [23], and cardiovascular risk factors, such as abnormal lipid profile, diabetes mellitus and
elevated levels of pro-inflammatory markers, play important roles in damaging endothelium of
blood vessels and formation of atherosclerosis, leading to developments of ischemic heart
disease, stroke, and peripheral vascular disease [24-26]. A previous study found that

approximately 76.9 % of the SCI population had two or more risk factors for CVD [27].

Elevated Heart Rate (HR):

Elevated HR is linked to the increased risk of CVD [28]. A study showed that an increase
in resting HR by 10 beats/minute increases the risk of CVD by 15% [29]. In healthy individuals,
studies have found that a sedentary lifestyle results in increased resting and exercise HR [30, 31].
Thus, physical deconditioning following SCI due to loss/impaired motor function can contribute
to increased HR at resting and during exercise [32]. Individuals with SCI, particularly those with
paraplegia, have higher HR at rest and during exercise as compared to healthy individuals [33-
37]. Due to the disruption of sympathetic autonomic control in individuals with cervical SCI,
elevated HR seems to be more common in individuals with thoracic or lumbar SCI compared

with those with cervical SCI [33, 34].

Abnormal Lipid Profile:

Abnormal lipid profile has been proved as a major risk factor for the development of

heart disease [38]. Following SCI, there is a trend toward increased total cholesterol (TC) and



low-density lipoprotein cholesterol (LDL-C), as well as decreased high-density lipoprotein
cholesterol (HDL-C) [39]. Individuals with chronic SCI had higher levels of TC and LDL-C, and
lower levels of HDL-C as compared to age-matched able-bodied individuals [40]. A meta-
analysis found significantly lower levels of HDL-C and higher TC/HDL-C ratio in individuals
with SCI as compared to able-bodied individuals [41]. Furthermore, longitudinal cohort studies
that followed individuals with acute SCI over one year reported increases in levels of TC, LDL-
C, as well as a decrease in levels of HDL-C after one year [42, 43]. Vichiansiri et al. [44]
assessed the prevalence of abnormal lipid profile in 90 individuals with chronic SCI and found
that about 77% of participants had an abnormality in lipid profile, and about 78% of them had
abnormal lipid levels of more than one type of lipids. Furthermore, individuals with complete or
higher-level SCI had lower levels of HDL-C as compared to those with incomplete or lower-
level SCI [45]. Individuals with paraplegia had higher levels of TC and LDL-C than those with
quadriplegia [46]. In terms of ambulatory status, it was found that individuals with SCI who
could not be community ambulating had a higher TC/HDL ratio than those who were community

ambulating [47].
Diabetes Mellitus:

Another risk factor for CVD is persistently high levels of blood glucose resulting from
insulin resistance. Impaired glucose tolerance and abnormal glucose homeostasis, which are
usually observed in people with chronic SCI, increase the risk of diabetes mellitus and CVD.
People with diabetes have a 2- to 4-fold increase in the risk of CVD compared to those without
diabetes [48]. A study reported that 22 % of individuals with SCI had diabetes mellitus compared
to 6 % in able-bodied individuals [49]. Another study found that the odds of type 2 diabetes was

2 times greater among individuals with SCI compared to those without SCI [50]. Individuals



with complete SCI had even higher levels of glucose and insulin in the blood and higher
incidences of diabetes than individuals with incomplete SCI [51]. The high rate of diabetes after
SCI can be attributed to the lack of physical activity and consequently, alterations in body

composition and muscle characteristics [52-55].

Inflammatory Status:

SCI can lead to increased adipose tissue, and frequent pressure ulcers and urinary tract
infections as well as decreased levels of physical activity. All those conditions may contribute to
elevated levels of pro-inflammatory markers in the blood [56]. Physical inactivity leads to an
increase in the amount of adipose tissue and abnormal lipid profiles among people with chronic
SCI, which contribute to elevated levels of inflammatory markers and consequently increase
risks of CVD [49, 57]. According to the American Heart Association, inflammatory markers, an
emerging nontraditional risk factor, have been shown to predict CVD across populations [58-60].
The American Heart Association has established clinical guidelines for the levels of C-reactive
protein (CRP) in the blood: association with high (> 3 mg/l), average (1.0-3.0 mg/l), and low (<
1 mg/1) risk of CVD [61]. Plasma concentrations of CRP above 3 mg/I are associated with 2
times increase in the risk of stroke, 3 times increase in the risk of ischemic heart disease, and 4
times increase in the risk of peripheral vascular disease [62]. In studies in individuals with SCI,
Gibson et al. [21] and Mann’s et al. [22] reported a mean CRP level of 3 to 3.37 mg/l, which fell
into the high-risk category. Furthermore, individuals with chronic SCI exhibited higher serum
concentrations of CRP and interleukin 6 (IL-6) compared with age-matched able-bodied
individuals, which might explain the increased risk of atherosclerosis [22, 63, 64]. Physically
active persons with SCI had lower CRP levels than those who were physically inactive [22, 64-

66]. Based on mobility status, Morse et al. [56] and Goldstein et al. [67] reported that individuals



with chronic SCI who were wheelchair-dependent had greater CRP concentrations than those

who could walk with assistive devices or independently.

1.1.4. Beneficial Effects of Exercise on Risk Factors of CVD

Regular exercise is necessary to reduce or prevent secondary complications following
SCI, including cardiovascular events and cardiometabolic syndrome. According to the Canadian
physical activity guidelines for adults with SCI, individuals with SCI should engage in at least 20
minutes of moderate to vigorous intensity aerobic exercises twice a week and strength training
exercises twice a week [68]. Similarly, the American College of Sports Medicine recommends
people with SCI to participate in moderate to vigorous intensity aerobic exercises 2 to 3 times
per week from 20 to 30 minutes [69]. For cardiometabolic health benefits, a recent guideline
suggested that adults with SCI should engage in 30 minutes moderate to vigorous intensity
aerobic exercises 3 times per week [70]. A variety of modalities such as arm cycling, functional
electrical stimulation (FES) leg cycling, circuit resistance training, and walking training have

been utilized to improve cardiovascular health in the SCI population [71].

Upper Extremity Exercises:

Upper limb exercise has been shown to improve cardiovascular fitness and reduce risk
markers of CVD in patients after SCI. A previous single group study reported a decrease in
submaximal exercise HR in 8 individuals with cervical SCI after 8 weeks of low-intensity arm
ergometer training [72]. When comparing the effects of 8 weeks of arm cycling exercise at
different training intensities in 11 individuals with chronic SCI (low-intensity training group: n =
6 and moderate-intensity training group: n = 5), moderate-intensity training significantly reduced
submaximal exercise HR compared to baseline, and it also significantly increased HDL-C and

decreased triglyceride (TG), LDL-C, and the TC/HDL-C ratio as compared to low-intensity



training [73]. A randomized study with 8 weeks of arm cycling exercise in 6 individuals with
acute SCI found high-intensity training (n = 3) significantly decreased TG and TC/HDL-C ratio
and improved insulin sensitivity in individuals with acute SCI to more extent than low-intensity
training (n=3) [74]. In a randomized controlled trial in 15 persons with chromic complete SCI, 6-
week hand-bike exercise program 3 times weekly significantly reduced the fasting levels of
insulin and insulin resistance and increased the levels of HDL-C in participants in intervention
group (n = 8 ) compared to those in the control group (n = 7) [75]. Similar findings were reported
in other a single group studies with 12-week of arm cycling exercise in 5 individuals with
chronic paraplegia [76] or 3-month of arm cycling exercise in 5 individuals with chronic SCI
[77]. A randomized controlled trial in 17 individuals with chronic paraplegia showed a
significant reduction in the levels of IL-6 in the intervention group (n = 9) compared to the
control group (n = 8) [78]. Positive changes in levels of CRP and IL-6 were reported after 16

weeks of arm cycling exercise in 10 individuals with chronic SCI [79].

However, many of the studies, mentioned above, also reported no significant changes in
some of the measured risk markers of CVD. For instance, no changes were observed in levels of
TC and TG after arm cycling exercise in 5 individuals with chronic paraplegia [76] or 5
individuals with chronic SCI [77]. Groot et al. [74] observed no changes in levels of TC, HDL-C,
and LDL-C values relative to baseline measures after 8-weeks of low-intensity or high-intensity
arm cycling exercise in individuals with acute SCI. Bakkum et al. [79] reported no significant
changes in levels of HDL-C, TG, and glucose in reference to baseline measures following 16-
weeks of arm cycling exercise in 10 sedentary individuals with chronic SCI. Furthermore, a
randomized controlled trial with 16 weeks of upper extremity aerobic exercise in individuals

with chronic SCI concluded no significant benefits of the intervention in risk markers of CVD in



participants in the intervention group (n = 12) compared to those in the control group (n = 11)
[80]. A recent cross-sectional study reported no differences in lipid profile and the level of blood
glucose between physically active (n = 27) versus physically inactive (n = 107) wheelchair-
dependent persons with chronic paraplegia [81]. Hjeltnes et al. [35] observed a significant
decrease in submaximal exercise HR in 10 individuals with subacute complete cervical SCI
during 3-7 months of primary rehabilitation including arm aerobic exercise, but exercise HR
remained higher compared to able-bodied individuals. Putting information together, inconsistent
findings in past studies can be due to different methodological approaches, participants’
characteristics (i.e., level and severity of injury, duration of injury, level of physical activity) and
training protocols. Also, we need to take in consideration that arm aerobic exercise activates only
small muscles in the upper body that may not generate sufficient challenges to the cardiovascular

system [82].
Lower Extremity Exercises:

FES-leg cycling, and resistance training have been utilized to exercise paralyzed muscles
below the level of the lesion and to activate large muscle mass in order to increase the level of
physical activity and prevent cardiovascular complications after SCI. Some of past studies have
shown that FES-leg cycling exercise or resistance training helped to improve cardiovascular
fitness (i.e., HR adaptation) and reduced the risk makers of CVD following SCI [83-87]. Faghri
et al. [83] examined the effects of 12-week FES-leg cycling on the cardiopulmonary response at
rest and submaximal exercise test in a single group of 13 individuals with chronic incomplete or
complete SCI. They found that resting HR slightly decreased in individuals with paraplegia and
significantly increased in individuals with quadriplegia following training, and submaximal

exercise HR significantly decreased in both groups. In regard to changes in risk markers of CVD,



8-10 weeks of FES-leg cycling exercise in 7 to 10 participants with chronic incomplete or
complete SCI significantly decreased levels of glucose and insulin [86, 88] and levels of pro-
inflammatory markers, including CRP and IL-6. [88]. A number of studies have explored
physiological mechanisms of improvements in glucose homeostasis following lower extremities
exercise. Past studies showed that 8 weeks of FES-leg cycling significantly increased levels of
GLUT-1 and GLUT-4, insulin-stimulated glucose transport, and insulin-mediated disposal in 5

to 6 individuals with complete SCI [89, 90].

On the other hand, other studies found no positive changes in cardiovascular fitness or
risk makers of CVD after FES-leg cycling or resistance training [91-96]. Hooker et al. [91]
studied the effects of 19 weeks of FES-leg cycling on the maximal and submaximal
cardiorespiratory response in a single group of 8 individuals with chronic complete SCI and
demonstrated no significant changes in maximal and submaximal exercise HR after training.
Another single group study showed no significant change in resting HR in 9 individuals with
chronic complete motor SCI following 6 weeks of FES-legs cycle exercise [92]. Related to
changes in risk markers of CVD, Griffin et al.[88] found no significant decreases in levels of TC,
LDL-C, and TG and no significant increase in levels of HDL-C in a single group of 8 individuals
with chronic incomplete or complete SCI after 10 weeks of FES-leg cycling exercise. Ward et al.
[93] reported similar findings in 4 persons with chronic complete cervical SCI following 12
months of FES-leg cycling exercise. Ryan et al. [95] and Mahoney et al. [96] reported no
changes in levels of glucose and insulin and no improvement in insulin sensitivity in 5 to 14
individuals with complete chronic SCI after 12-16 weeks of electrical stimulation resistance

training.
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Inconsistent findings in past studies can be due to different methodologies and training
protocols as well as differences in participants’ injury level and severity and duration of injury.
In addition, we need to take into consideration that many patients reported muscle fatigue and
pain due to frequent electrical stimulation, and they could perform FES-leg cycling exercise only
for a short period of time [82, 97, 98]. This may explain the mixed results in the literature of

FES-leg cycling studies.
Walking Training:

Walking training using a treadmill and body weight support system was developed to
help patients to relearn independent walking following neurological conditions such as SCI or
stroke [99]. Current research in SCI patients regarding the use of body weight-supported
treadmill training (BWSTT) has focused on restoring motor function and walking ability. The
evidence supports the use of BWSTT as a rehabilitation intervention to improve functional
ambulation in people with SCI [100-102], particularly in those with motor incomplete SCI.
People with motor incomplete (ASIA grade C or D) have a higher potential to regain walking
ability following training as compared to those with motor complete SCI (ASIA grade A or B).
Even though walking training might not help the majority of people with motor complete SCI to
regain independent walking over ground, it can provide great benefits on other health outcomes,
including prevention of comorbidity or secondary health complications [103]. However, studies
examining the benefits of BWSTT on preventing or reducing secondary health complications

after SCI are limited.

BWSTT can be used as a form of aerobic exercise in individuals with SCI. Preliminary
results from a number of past studies have shown that regular BWSTT can help to improve

cardiovascular and pulmonary function and to reduce risk factors of CVD in the SCI population.
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In individuals with incomplete or complete SCI, BWSTT training significantly improved resting
HR and blood pressure variability, oxygen consumption, and dynamic oxygen cost with the
duration of training ranging from 6 weeks to 6 months [104-106]. Furthermore, previous studies
have shown that 6-10 weeks of robotic-assisted BWSTT significantly decreased resting and
exercise HR [107] and significantly improved other measurements of cardiovascular function in
individuals with incomplete SCI [108]. In a past study of individuals with complete motor SCI, a
sub-group of participants showed significant improvement in HR and blood pressure variability
and artery compliance after BWSTT [82]. In terms of the pulmonary function, two past studies
demonstrated that 4-6 weeks of BWSTT significantly improved respiratory parameters,
including forced vital capacity, forced expiratory volume in 1 second, forced expiratory flow
rate, and vital lung capacity, in individuals with incomplete or complete SCI [104, 109]. In
regard to change in risk markers of CVD, a previous study by Phillips et al. [110] reported that 6-
month BWSTT, in 6 individuals with motor incomplete SCI, significantly reduced glucose and
insulin concentrations during the 2-hour oral glucose tolerance test. Similarly, the same training
load significantly decreased levels of TC, LDL-C, and TC/HDL-C ratio and significantly
increased levels of HDL-C in 6 individuals with motor incomplete SCI [111]. However, past
studies had various limitations including small sample size and inclusion of only incomplete SCI
and therefore limited the generalization of the findings. In addition, prior studies have not

considered the intensity of walking training.
1.1.5. Why Upright Walking Training

As mentioned above, findings of aerobic exercise using arm cycling or FES-leg cycling
have been inconsistent regarding their effects on risk factors of CVD in SCI survivors.

Limitations of those modalities have been discussed in the literature. Arm cycling targets only
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upper limb muscles, which may be insufficient to stress the cardiovascular system [104, 106]. In
addition, many wheelchair users report shoulder pain as a result of overuse [112]. FES-leg
cycling can be performed for a short duration as patients often report muscle fatigue and pain due
to frequent stimulation [113]. FES-leg cycling may also aggravate the symptoms of autonomic
dysreflexia, particularly in those with SCI above T6 because of electrical stimulation [114].
Furthermore, both arm cycling and leg cycling exercise are performed in the sitting position

which might not provide sufficient challenges to the cardiovascular system.

Upright walking can activate larger muscles in the body, including leg and trunk muscles.
Even with the absence of supraspinal control from the brain in case of complete SCI, locomotor
training has been shown to elicit muscle activity of leg and trunk muscles through center pattern
generator activity which is located within the spinal cord [115-117]. In an animal experiment,
adult cats with complete spinalization showed activation pattern of hind limb and lumbar trunk
muscles similar to activation pattern of intact cats during walking on a motorized treadmill, and
the amplitude of muscle electromyography (EMG) activity of the spinalized cats was improved
by prolonged locomotor training [118-120]. Similar muscle activations were observed in humans
with SCI while walking on a treadmill. Individuals with incomplete SCI showed activation
patterns of leg muscles similar to that observed in healthy individuals [121], and the timing and
amplitude of EMG activity of leg muscles improved after a period of walking training [122,
123]. In individuals with complete SCI where there are no voluntary contractions, locomotor
training on a treadmill induced EMG activity of leg muscles in a similar way to those seen in
healthy individuals during walking [124]. The amplitude of EMG activity of leg muscles
significantly increased after a period of walking training and worsened after stopping training

[124, 125]. In addition, individuals with high thoracic complete SCI showed activation of trunk
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muscles (back and abdominal muscles) while walking on a treadmill or overground [126]. These
findings suggest that walking training induces neuroplasticity of spinal cord circuits that can only
be maintained by continuous walking training. It is suggested that limb loading and afferent
inputs during a treadmill walking can trigger spinal neuronal circuits to activate lower limbs and

trunk muscles [117, 127].

When comparing to arm cycling or leg cycling exercise, upright walking can provide
greater challenges to the cardiovascular and respiratory system that might induce greater
cardiovascular and respiratory adaptive changes [103]. In healthy individuals, it was found that
the value of HR and systolic blood pressure was significantly higher during treadmill exercise
than bicycle ergometer exercise [128]. In addition, peak values of oxygen uptake and HR were
significantly higher during treadmill exercise than during arm ergometer exercise [129]. Similar
benefits in cardiovascular and respiratory systems have been observed in individuals with SCI.
For instance, under the equivalent workload, the peak value of HR and oxygen uptake was
higher during treadmill walking than that during stationary cycling in individuals with motor
incomplete SCI [130]. Carvalho et al. [131] reported similar observations in individuals with
complete quadriplegia after walking on a treadmill compared to endurance exercise in sitting
position. Therefore, upright walking using BWSTT can be used as an alternative form of aerobic

exercise in individuals with SCI.

Unlike upper extremity exercise, lower extremity exercise such as walking training can
enhance the circulation of blood in the legs and reduce peripheral vascular stiffness below the
level of injury [132], which might reduce secondary complications such as thrombosis, pressure
ulcers, and attenuated wound healing [133]. Leg muscle pump during locomotor training

promotes venous return, leading to the increased blood returning to the heart. For instance, an
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acute bout of passive leg cycling significantly increased femoral artery blood flow and decreased
velocity index (i.e., vascular resistance) in individuals with SCI [134]. Furthermore, a 4-month
walking training program in individuals with motor complete SCI significantly improved
femoral artery compliance and showed a trend towards an increase in femoral artery blood flow

[82].

1.1.6. Heart Rate Adaptation to Walking Exercise in SCI

The benefits of walking exercise on cardiovascular fitness in people with SCI can be
measured by examining adaptive changes in HR. A decrease in cardiovascular fitness, which
increases the risk of CVD, can lead to increased HR due to reduced stroke volume [135].
Elevated HR in rest or during physical activities is more common in individuals with SCI as
compared to healthy individuals, and in individuals with thoracic or lumbar SCI compared to
those with cervical SCI [33, 34]. Previous studies in individuals with SCI reported improvement
of cardiovascular fitness after walking training, as shown in reduced resting and exercise HR [82,
104, 106, 107]. Recent work by Steven et al. [136] demonstrated that 2 months of underwater
treadmill training significantly reduced exercise heart rate in individuals with incomplete SCI.
As has been suggested in the literature, regular walking training might induce resting and
exercise HR adaptation through various possible mechanisms [137, 138], including increases in
cardiopulmonary fitness, stroke volume, ventricular contraction and blood volume, decrease in
peripheral arterial stiffness, modulations of the autonomic nervous system, and improvements in
lung function and ventricular function. Also, changes in the neuromuscular system (i.e., changes
in leg muscle activity and spasticity) after walking training might contribute to resting and
exercise HR adaptation. However, the contributing factors of HR adaptation following walking

training in individuals with SCI is still unknown. In the current project, we focused on examining
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some potential contributing factors, including changes in leg muscle activity, cardiac autonomic
function, lung vital capacity, and leg muscle spasticity, to resting and exercise HR adaptation

after walking training in individuals with SCI.

Leg Muscle Activity:

Repetitive walking training has been shown to increase the activity of leg muscles in
individuals with SCI through the activation of central pattern generators [125, 139-141].
Rhythmical contraction of leg muscles (contraction and relaxation) during a locomotor activity
such as walking can promote venous return from legs to the heart. Passive cycling contributed to
an increase in stroke volume as a result of increased venous return [142, 143]. In addition,
repetitive standing training resulted in increased leg muscle activity and consequently improved
cardiovascular response to orthostatic stress test [144]. Generally, increased activity of leg
muscles after a course of walking training can increase venous return and lead to cardiac
adaptation. However, the extent of increased muscle activity of lower limbs to the improvement
of HR in individuals with SCI has not been studied when compared to the contributions of other

factors.

Cardiac Autonomic Function:

Injury to the spinal cord, especially above T6, is associated with alterations in autonomic
control of the cardiovascular system [145]. HR variability (HRV) has been commonly utilized as
a non-invasive method to quantify the cardiac autonomic function in the SCI population [146,
147]. Power spectral analysis of HRV provides information on a high-frequency (HF) power
which reflects vagal (parasympathetic) outflow and a low-frequency (LF) power that is a
combination of both sympathetic and parasympathetic outflows, At the same time, their ratio of

LF/HF is defined as a marker for sympathovagal balance [148]. Past studies showed individuals
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with SCI had alterations in HRV, as shown by reduced total power as well as LF and HF powers,
and an increased ratio of LF/HF, as compared to healthy individuals [149, 150]. Decreased HRV
is associated with an increased risk of CVD [37, 151]. Despite that cardiac autonomic function is
intact in individuals with injury at T6 or below, lack of physical activity after injury might alter
cardiac autonomic function as shown by decreased HF (i.e. diminished parasympathetic activity)
[150, 152]. Regular exercise can promote positive changes in HRV towards a balance between
parasympathetic outflow and sympathetic outflow [151]. Previous studies by Ditor et al. showed
that walking training for 4-6 months significantly decreased LF power and the ratio of LF/HF of
HRYV in individuals with incomplete cervical SCI [106] and a subgroup of individuals with
complete SCI [82]. Similarly, another past study reported a significant improvement in HRV
after 4-week walking training as, explained by a significant increase in HR complexity which is a
nonlinear measure of HRV and trends toward an increase in HF and a decrease in LF [153].
Thus, it is possible that modulation of HRV after walking training in individuals with SCI can
contribute to positive cardiac adaptation. However, the relationship between changes in HRV

and HR after walking training has not been examined.
Lung Vital Capacity:

Lung vital capacity is the maximum amount of air that can be breathed in and out of the
lung during a single respiratory cycle. It is an important parameter in predicting respiratory and
cardiovascular health. In theory, a person who has high lung capacity can take more oxygen into
his/her body which can make more oxygenated blood. Subsequently, the heart would work less
hard because of the high amount of oxygen in the blood. Consequently, the heart rate would
decrease. A study reported an inverse relationship between lung vital capacity and HR [154].

After SCI, lung capacity decreases as a result of respiratory muscle weakness as well as
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decreased physical activity [155]. Higher-level SCI is associated with the greatest reduction in
lung capacity.[156] Hence, the decline in lung vital capacity after SCI might be associated with
adverse cardiovascular outcomes, including increased HR. After a period of aerobic exercise,
lung capacity to exchange oxygen and carbon dioxide would increase, and HR would decrease
[157]. Previous studies have demonstrated that walking training significantly improved lung vital
capacity in individuals with incomplete and complete SCI [104, 109, 158]. Thus, it is possible
that increased lung vital capacity after a period of walking training might contribute to HR

adaptation in individuals with SCI, but quantitative examination is needed

Leg Muscle Spasticity:

Muscle spasticity after SCI is associated with decreased arterial diameter and increased
blood flow resistance [159], which might increase the load on the heart to deliver the blood to
body tissues. It has been reported that increased muscle spasticity may contribute to increased HR
in individuals with neurological diseases. In patients with multiple sclerosis, muscle spasticity
was associated with increased HR [160]. A study in persons with cerebral palsy demonstrated
those with high levels of muscle spasticity had high HR response as compared to those with low
levels of spasticity or healthy subjects during walking on a treadmill under the same speed [161].
Furthermore, muscle spasticity negatively influenced HR variability in stroke patients [162]. In
individuals with SCI, a greater HR response to walking training was observed in those who had
higher levels of muscle spasticity [82]. Many studies in individuals with SCI demonstrated a
significant reduction in muscle spasticity of the lower extremity after a period of walking
training [163-165]. Thus, it is possible that changes in muscle spasticity after a course of walking
training in individuals with SCI may influence HR adaptation, but quantitative examinations are

needed.
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1.1.7. Assistive Gait Training Device with Treadmill Walking

Body weight-supported treadmill training (BWSTT) is a tool that is used in rehabilitation
to retrain patients with neurological conditions to improve or regain their walking ability.
Patients are trained on a treadmill while fitted into a safety harness, which is attached to an
overhead suspension system to provide body weight support and prevent the risk of falls during
training. Leg assistance during training is provided either manually by therapists or by a robotic-
assistive device. Assistance from a physical therapist during BWSTT can be effective in
providing task-specific walking training to individuals with SCI. However, when physical
therapists provide manual assistance during training, the number of gait cycle repetitions can be
limited due to intensive efforts that physical therapists make to move the patient’s impaired
legs/feet during every forward step [166]. Part of the problem is that non-ergonomic body
posture of physical therapists while providing manual assistance to patient’s legs/feet during
training can increase workload and put therapists under risk of developing low-back pain [167].

Therefore, these limitations can directly impact the length and intensity of training.

To overcome these limitations, physical therapists often use rehabilitation robotic-
assistive devices such as Lokomat to help them when providing intensive gait training for people
with SCI. Although the robotic-assistive gait training can provide intensive, task-specific
stepping training for patients, the high cost of robotic-assistive gait devices cannot be afforded
by most of the rehabilitation clinics [168, 169]. Passive assistance provided by robotic-assistive
devices can limit the active involvement of the patients and hinder activity-related learning
during walking training. In addition, standardized movement pattern provided by robotic-assisted
devices does not allow walking variability and corrective action by the patient during walking

training, which can impair motor learning [169].
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A novel assistive gait training device using a pulling system was developed in our
laboratory to provide stepping-assistance for patient’s legs/feet and reduce the workload of
therapist therapists during treadmill walking training (Figure 1.1) [170, 171]. The assistive
device comprises of a brace and one pulling cable. The brace is placed on the patient’s thigh and
secured using Velcro straps. The first part of the pulling cable attaches to a handle and runs
through a fixed pulley anchor. The other end of the pulling cable wraps a wheel fixed at the front

of the thigh brace and then attaches to a foot strap that is tightened around the forefoot.

A physical therapist pulls the handle attached to the cable to assist a patient with hip
flexion and ankle dorsiflexion during the swing phase of the gait cycle. The physical therapist
can adjust the amount of leg assistance provided to the patient based on the needs of the patient
and therapist’s experience. The strategy of using this assistive device is to provide only minimal
assistance, “assistance-as-needed” for completing the forward step movement of the leg. After
the swing phase is completed, the physical therapist releases the pulling cable to allow the
affected leg to lower on the treadmill track at the end of the swing phase. The treadmill belt
moves the affected leg backward, and then through visual information of the foot position on the
treadmill the physical therapist determines the cycle when he/she should repeat and apply the
assistive force by the pulling cable. The assistive device can allow physical therapists to work
from a more ergonomic body posture at a sitting position while providing the necessary stepping-
assistance for the patient’s legs/feet during walking on a treadmill. The workload is decreased for
the physical therapist by the use of the pulling cable in comparison to traditional manual
assistance. In addition, this assistive device is of low cost and lightweight compared to the
robotic-assistive devices such as Lokomat. It allows the active involvement of the patient by

providing minimal assistance when needed.
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The feasibility of the novel assistive training device was examined in non-ambulatory
patients with stroke [171]. In that feasibility study, leg-stepping assistance was provided in one
leg since stroke patients have only one side that is affected. However, individuals with SCI
usually have both legs/feet are affected and need stepping assistance for both legs/feet during
treadmill walking. In such case, two thigh braces are affixed on both right and left thighs (Figure
1.2). Two physical therapists coordinate to operate the assistive device by pulling the cable at the
beginning of the swing phase of the gait cycle. However, the use of this assistive gait training
device has not been tested on individuals with SCI previously. Therefore, this study aimed to
examine the feasibility of the assistive gait training device using two pulling cables in individuals

with SCIL.
1.2. Significance

Leg assistance provided manually by a physical therapist or by robotic-assistive gait
training devices such as Lokomat during BWSTT can be effective in delivering task-specific
training for patients with SCI. However, each method introduces some limitations. The number
of gait cycle repetitions can be limited when the physical therapist provides manual assistance to
move the affected leg during the training due to intensive efforts and non-ergonomic body
position on the part of the physical therapist. Robotic-assistive gait training devices have
developed to reduce the intensive workload of the physical therapist while providing manual
assistance during treadmill walking training. However, current robotic-assistive gait devices are
expensive and cannot be afforded by most of the rehabilitation clinics. Also, it can limit the
active participation of the patient during walking training. Therefore, there is a need for
designing a novel assistive gait device that is low in cost, can alleviate the intensive workload of

physical therapists, and provides the necessary leg assistance for patients during treadmill
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walking training. A novel assistive gait training device using a pulley system was developed in
our laboratory to aid physical therapists during treadmill walking training. Using this device,
physical therapists can work at a low workload and more ergonomic body position. Also, this
device has low cost and allows physical therapists to provide leg assistance to patients as needed.

However, the use of this device has not be tested in persons with SCI.

As mentioned previously, aerobic exercise using arm cycling or FES-leg cycling has
shown inconsistent results on risk factors of CVD in SCI survivors. Arm cycling targets only
upper limb muscles, which does not provide sufficient challenge to the cardiovascular system
[104, 106]. FES-leg cycling is limited as patients often report muscle fatigue due to frequent
stimulation and aggravate the symptoms of autonomic dysreflexia particularly in those with SCI
above T6 [82, 97, 98]. Both arm cycling and leg cycling exercises are performed in sitting
position which may not provide sufficient stress to the cardiovascular system. As an alternative,
upright walking using BWSTT has shown preliminary results to improve cardiovascular function
in individuals with incomplete or complete SCI [82, 104, 106-109]. BWSTT induced leg muscles
activity in a similar way to those seen in healthy individuals during walking [124]. The
amplitude of muscles activity significantly increased after repetitive walking training [122, 124,
125]. It is unknown how significantly the increased leg muscle activities after a period of
walking training can help to improve cardiovascular health. Therefore, it is both clinically and
scientifically important to determine the extent that the increased leg muscle activity after a
period of walking training can contribute to the HR adaptation (i.e., decreased resting and
exercise HR) in comparison to the contribution by other factors including changes in cardiac
autonomic function, lung capacity and muscle spasticity. Such findings will help to guide the

clinical practice and researchers to focus future effort in the right direction.
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In addition, there is still limited evidence about the effects of upright walking training on
risk markers of CVD in individuals with chronic SCI. Furthermore, previous studies have not
investigated the effects of walking training on risk markers of CVD in individuals with motor
complete SCI. The influence of walking training on the levels of pro-inflammatory markers has
also not been studied in individuals with either incomplete or complete SCI. To explore those
issues would further extend our knowledge to better understand the benefits of walking exercise

in individuals with chronic SCI.
1.3. Innovation

This study was innovative as we tested the feasibility of a novel assistive gait training
device and examined contributions of selected factors (leg muscle activity, cardiac autonomic
function, lung vital capacity, and leg muscle spasticity) to resting and exercise HR adaptation

after a course of walking training in individuals with chronic SCI.

This study would add to knowledge by 1) investigating the effect of walking training on
lipid profile and glycemic control in individuals with chronic complete SCI and 2) exploring the
effects of walking training on pro-inflammatory markers in individuals with chronic motor

incomplete or complete SCI.
1.4. Specific Aims

Physical inactivity in people with chronic spinal cord injury (SCI) due to impaired/loss of
motor function reduces cardiovascular fitness and increases multiple risk factors for the
development of cardiovascular diseases (CVD), including lipid profile disorder, diabetes, and
elevated level of pro-inflammatory markers [18, 21, 22]. Those factors play important roles in

the development of ischemic heart disease, stroke, and peripheral vascular diseases [23-26]. For
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SCI patients with impaired/loss of lower limb motor function, inconsistent findings have been
reported in the literature regarding benefits of arm cycling or functional electrical stimulation
(FES)-leg cycling exercise on risk factors of CVD. A major limitation of those exercises is the
lack of sustainable activities of large leg muscles, leading to insufficient challenges to the
cardiovascular system [104, 106]. Body weight supported treadmill training (BWSTT) can be
used as an alternative form of aerobic exercise in individuals with SCI. Past preliminary studies
have shown that BWSTT can improve cardiovascular fitness (e.g., decrease in resting and
exercise HR) [82, 104, 106, 107, 136] and increase leg muscle activities during walking, even in
complete SCI [122-125]. Such preliminary findings suggest that walking training may initiate
central pattern generators that activate leg muscles and lead to improvements in the
cardiovascular system. However, past studies reported also changes in cardiac autonomic
function, leg muscle spasticity and/or lung vital capacity after walking exercise that may lead to
change in heart rate. There has been no study that examined the potential association between the
improved HR and increased leg muscle activity, with a comparison to its association with
changes in cardiac autonomic function, lung vital capacity or leg muscle spasticity. It is an
important question both scientifically and clinically. In addition, limited evidence is currently
available concerning how BWSTT affects risk factors of CVD, including lipid profile, glycemic

control, and pro-inflammatory markers.

The primary objectives were 1) to examine the feasibility of an 8-week walking training
program and 2) to examine the potential association between changes in resting and exercise HR
and changes in four major factors after 8-week walking training in individuals with chronic SCI.
The secondary objective was to collect pilot data before and after the 8-week walking exercise

program for evaluating changes in risk markers of CVD in study participants.
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Aim#1: To examine the feasibility (recruitment, perception, compliance, retention, and walking
performance) of an 8-week walking training program using a novel assistive gait training device

in patients with chronic SCI.

Aim#2: To examine correlations between changes in four factors (muscle activity, autonomic
function, spasticity, and lung capacity) and changes in resting and exercise HR after the walking

training program in individuals with chronic SCI. Primary hypothesis: Decreases in resting and

exercise HR after the walking training would show significant correlations with increased leg
muscle activity, which would be stronger than its correlations with changes in cardiac autonomic

function, leg muscle spasticity, or lung vital capacity.

Aim#3: To investigate the effects of an 8-week walking training on glycated hemoglobin
(HbAlc), lipid profile, and the levels of pro-inflammatory markers in individuals with chronic

SCI. Secondary hypothesis: Compared to baseline measures, the 8-week walking training

program would decrease the levels of HbAlc and low-density lipoprotein cholesterol, increase
the level of high-density lipoprotein cholesterol and reduce the levels of C-reactive protein and

interleukin-6.

Exploratory aims: To investigate the effects of the walking training program on lower limbs
muscle strength, functional independence, the level of depression, anxiety and stress, and health-

related quality of life in individuals with chronic SCI.
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Figure 1.1: The components of the assistive gait training device

The assistive device comprises of a brace and one pulling cable. The brace is placed on the
patient’s thigh and secured using Velcro straps. The first part of the pulling cable attaches to a
handle and runs through a fixed pulley anchor. The other end of the pulling cable wraps a wheel
fixed at the front of the thigh brace and then attaches to a foot strap that is tightened around the
forefoot.
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Figure 1.2: The assistive gait training device with two pulling cables operated by two therapists
on either side of the treadmill

(A) Two thigh braces which attach to fixed pulleying system in the front of the treadmill via a
cable are placed on both right and left thighs. Two physical therapists sit on the right and left
side of the treadmill and coordinate to operate the assistive device by pulling the handle attached
to the cable. (B) The physical therapists pull the handle attached to the cable to assist a patient
with hip flexion and ankle dorsiflexion during the swing phase of the gait cycle
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Chapter 2: Effect of Body Weight—Supported Treadmill Training on Cardiovascular and

Pulmonary Function in People with Spinal Cord Injury: A Systematic Review

This chapter has previously been published in whole without any adaptations since publication
and is reprinted here with permission. Alajam, R., Alqahtani, A.S., Liu, W. Effect of Body
Weight—Supported Treadmill Training on Cardiovascular and Pulmonary Function in People
with Spinal Cord Injury: A Systematic Review. Topics in Spinal Cord Injury Rehabilitation,
2019. 25(4): p. 355-369.
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Abstract
Objective: To assess the current evidence with regard to the effects of body weight—supported
treadmill training (BWSTT) on cardiovascular and pulmonary function in people with spinal
cord injury (SCI) with a focus on outcomes of heart rate (HR), blood pressure (BP), and
respiratory parameters.
Methods: A systematic literature search was conducted through MEDLINE/PubMed, the
Cumulative Index to Nursing and Allied Health Literature, and Physiotherapy Evidence
Database. Clinical trials involving adults with SCI and focusing on the effects of BWSTT on
HR, BP, and respiratory measurements were included. The quality of included studies was
assessed using the Downs and Black scale. The level of evidence of each study was identified
using the Spinal Cord Injury Rehabilitation Evidence system.
Results: Nine studies that met inclusion criteria were evaluated and included in this review.
Overall, the quality index of all included studies was low. All studies scored less than 21 out of
28 on the Downs and Black scale. The level of evidence varied from level 2 to level 4. Level 4
evidence supports the use of BWSTT to decrease resting and exercise HR and improve heart rate
variability. The use of BWSTT to improve respiratory parameters after SCI is supported by one
study with level 2 evidence. The evidence that supports the use of BWSTT to improve resting
BP is inconclusive.
Conclusion: There has been low to moderate evidence to support the use of BWSTT in
individuals with SCI to improve cardiovascular and pulmonary health. Future randomized
controlled trials are needed to investigate the effect of BWSTT on cardiovascular and pulmonary

function in people with SCI and compare BWSTT to other physical rehabilitation interventions.
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2.1. Introduction

Spinal cord injury (SCI) is a serious medical condition that leads to loss of or impairment
in sensorimotor function, which negatively impacts the quality of life. Individuals with SCI are
susceptible to various secondary complications, including deterioration in cardiovascular and
respiratory health [1, 2]. It has been estimated that the prevalence rate of cardiovascular disease
(CVD) in the SCI population (30%-50%) is significantly higher compared to the able-bodied
population (5%-10 %) [3]. A study reported that the SCI population has a 2.72 times higher risk
of heart disease and a 3.72 times higher risk of stroke compared to the general population [4]. In
terms of morality after CVD, a cohort study that followed individuals with SCI for 5 years after
discharge from inpatient rehabilitation found that 37% of individuals died due to cardiovascular
causes [5].

Physical inactivity is associated with a decrease in cardiovascular fitness (e.g., elevated
heart rate [HR]) and consequently an increased risk of CVD [6-8]. Lack of physical activity or
prolonged sitting observed in many SCI survivors due to limited functional mobility can
contribute to elevated HR and other risk factors for CVD [3, 6]. Elevated resting HR is more
common in individuals with SCI at T1 or below (paraplegia) as compared to those with cervical
SCI (quadriplegia) [8, 9]. Studies report that people with SCI, especially those with paraplegia,
have higher resting HR compared to able-bodied people [7-10]. Furthermore, the cardiac
autonomic system can be altered after SCI due to the sedentary lifestyle and lack of mobility
resulting from the injury [11]. Heart rate variability (HRV) can be used as a sensitive measure
to determine cardiac autonomic function. Reduced HRV after the injury is associated with an

increased risk of heart diseases [12, 13]. Past studies show reduced HRYV in individuals with
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SCI in comparison with able-bodied individuals [11, 14]. Physically inactive individuals with
SCI have less HRV than those who are physically active [11].

High blood pressure (BP; i.e., hypertension) is another factor that can increase the risk of
cardiovascular disease [15]. Hypertension is common in people living with long-term SCI, and it
is more prevalent in people with paraplegia compared to quadriplegia [16-18]. Previous studies
report a high prevalence of hypertension among people with SCI, especially those with
paraplegia, as compared to able-bodied people [16, 19]. Sedentary lifestyle after SCI plays an
important role in the development of hypertension. Other risk factors such as obesity,
hypercholesterolemia, diabetes, smoking, and age can also contribute to an increased risk of
hypertension after SCI [16].

The paralysis of the respiratory musculature following SCI can result in an alteration of
the mechanical properties of the lung and chest wall [20]. Pulmonary function may decline after
SCI because of decreased muscle strength of the diaphragm, respiratory, and abdominal muscles
as well as a lack of sufficient mobility [21]. Reduction in pulmonary function after SCI is
reflected by decreases in spirometric and lung volume parameters and static mouth pressures
[22]. The weakness of respiratory muscles can result in an ineffective cough and a tendency
toward mucus retention, which might increase susceptibility to respiratory diseases [22].
Respiratory impairments are more severe in people with cervical injury compared to those with
thoracic or lumbar injury due to a disruption in the function of the majority of the respiratory and
abdominal muscles [22]. Respiratory deficiency can lead to secondary problems such as
respiratory infectious diseases, which are the leading causes of death in people with chronic SCI

[23].
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Participating in regular exercise is necessary to prevent or reduce secondary
complications after SCI. Aerobic exercise using arm cycling or functional electrical stimulation
(FES) leg cycling has been utilized to improve cardiovascular and pulmonary health in the SCI
population. However, exercise using these modalities has shown inconsistent results regarding its
effects on cardiovascular and pulmonary health in the SCI population [24-27]. Limitations of
these modalities have been discussed in the literature [28-31]. A major limitation of arm cycling
or FES leg cycling exercise is the lack of sustainable activities of large leg muscles, leading to
insufficient challenges to the cardiopulmonary system [32, 33]. As an alternative, body weight—
supported treadmill training (BWSTT) is a tool that is widely used in the rehabilitation program
for people with neurological conditions. Even though most studies have focused on investigating
the effectiveness of BWSTT on motor function and concluded that it might be an appropriate
intervention to improve walking ability, promising findings from previous studies have shown
that regular walking training using BWSTT can help to improve cardiovascular and pulmonary
health in the SCI population [34-42]. Therefore, this systematic review aimed to qualitatively
assess the current evidence with regard to the effects of walking training using BWSTT on
cardiovascular and pulmonary health among people with SCI. The focus of the study is on the

effects of BWSTT on HR and BP measurements and respiratory parameters.
2.2. Methods
2.2.1. Search Strategy

A systematic literature search was conducted to examine the effect of BWSTT on
measures of cardiovascular and pulmonary health in people with SCI. MEDLINE (PubMed), the
Cumulative Index to Nursing and Allied Health Literature (CINAHL), and the Physiotherapy

Evidence Database (PEDro) were searched. The search was limited to clinical trial studies in
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humans, with adult patients (=18 years), and written in English. It was conducted for the time

period of January 2004 until May 2018.

The search strategy included the terms for target population (spinal cord injury,
paraplegia, quadriplegia or tetraplegia), outcome measures (heart rate, blood pressure, pulmonary
function, respiratory function, and respiratory parameters), and intervention (locomotor training,
walking training, gait training, or body weight support treadmill training). Different
combinations of the terms were made using “AND” and “OR” in order to achieve a specific

selection of literature (Table 2.1).
2.2.2. Study Eligibility Criteria

Inclusion criteria were the following:

1. Studies with adult patients (=18 years) with traumatic or nontraumatic SCI (cervical,
thoracic, and lumbar), complete or incomplete lesions, and American Spinal Injury
Association Impairment Scale (AIS) of A, B, C, or D.

2. Treadmill walking training, including manual-assisted BWSTT, robotic-assisted BWSTT,
and treadmill walking training in water.

3. Studies focused on measurements of HR and BP and respiratory parameters after a course
of treadmill walking training.

4. Clinical trial studies, including randomized controlled (RCTs), quasi-experimental or pre-
experimental trials.

5. Published in English.

Exclusion criteria were (a) overground walking training and (b) animal studies or studies on

children.
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2.2.3. Study Selection

After removing duplicated studies, two independent researchers (R.A and A.A) screened
the articles by reading titles and abstracts. Then, the full text of relevant articles to study
objectives was read in detail to determine eligibility (Figure 2.1). Disagreements on study

selection were resolved by discussions between two researchers (R.A and A.A)
2.2.4. Data Extraction

The study information was extracted by two reviewers (R.A. and A.A) independently.
The following data were extracted from included studies: author’s name, year, study design,
sample size, participants’ characteristics (gender, age, injury level on the SCI, grade based on
AIS, and time since injury), intervention program (length and frequency), and outcomes related
to measurements of HR, BP, and respiratory parameters. There were no disagreements between

the reviewers regarding data extraction.
2.2.5. Assessment of Quality Study and Level of Evidence

Included studies were assessed using the modified Downs and Black scale to determine
their methodological quality. The Downs and Black scale is composed of 27 questions to assess
the quality of a study across five categories, including reporting (10 questions), external validity
(3 questions), internal validity (bias and confounding; 13 questions), and power (one question)
(see Appendix I) [43]. The total score of the scale ranges from 0 to 28. A higher score indicates a
better quality of methodology. From the percentage of derived total score, studies were classified
as high (>75%), moderate (50%-74%), or low quality (<50%). The level of evidence of each
study was identified using the Spinal Cord Injury Rehabilitation Evidence (SCIRE) system, a

five-level system that differentiates between studies of differing quality and incorporates the
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types of research designs commonly used in rehabilitation research (Table 2.2) [13]. This scale
has been used in published systematic review studies of exercise training in people with SCI [44,
45]. Two researchers evaluated and scored studies independently. In case of disagreement

between two evaluators, a consensus was made through discussion.
2.3. Results

An overview of the results of the literature search and screening process is provided in
Figure 1. The electronic database search retrieved 264 articles. Removal of duplicates within and
between the individual databases left 79 articles for further examination. Of the 79 retrieved
articles, 53 articles were excluded after screening for titles and abstracts. The remaining 26
articles were screened by reading full text to determine eligibility. Specific reasons for article
exclusion are presented in Figure 2.1. Nine articles were evaluated in detail and included in this

review study.

A summary of the study designs, participants’ characteristics, interventions, and outcome
measures for each of the nine studies reviewed is provided in Table 2.3. The number of
participants in the included studies ranged from 6 to 52 participants; a total of 121 participants
took part in those studies. They included individuals with incomplete SCI, complete SCI, or
both. The duration of interventions ranged from 2 to 5 times per week for 4 weeks to 6 months.
Seven studies examined the effects of walking training on HR measurements [34-40]. Four
studies examined the effects of walking training on BP measurements [34-36, 40]. Three studies

examined the effects of walking training on respiratory parameters [36, 41, 42].
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2.3.1. Quality Assessment for Included Studies

The results of the quality review are presented in Table 2.4. Overall, the quality index of
all included studies was low. All studies scored less than 21 out of 28 on the Downs and Black
scale. All studies fulfilled most of the criteria for reporting. The objectives of the study, the main
outcomes, the characteristics of the patients, the interventions of interest, and the main findings
were clearly described in these studies [34-42]. However, all studies [34-37, 39-42] except one
[38] were rated poorly on the measurements of the internal validity (bias and confounding)
because of lack of control group and randomization. Two studies were scored poorly on the
measurement of the external validity because only men were included, and this might have an
influence on the generalizability of findings [38, 40]. All studies did not report estimation of

sample size; thus, they were rated poorly on the measurements of the power [34-42].

2.3.2. Levels of Evidences for Included Studies

The level of evidence varied from level 2 to level 4 (Table 2.3). Two studies included a
control group [38, 42]. One of the studies was a randomized cross-over study design with small
sample size and was classified as level 2 [38]. The other study was a prospective study with a
control group (i.e., quasi-experimental study design) and was also categorized as level 2 [42].
The remaining seven studies used a single group, pre- and post-test study design and were placed
at level 4 [34-37, 39-41]. The sample sizes of all studies [34-41] were small (range, 6 -12) except

one study [42] that included 52 participants.

2.4. Discussion

To the best of our knowledge, this review is the first to systematically synthesize the

evidence regarding the effects of BWSTT program on measurements of HR, BP, and respiratory
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parameters in people with SCI. An exhaustive search found nine studies that met
inclusion/exclusion criteria. Given the heterogeneous nature of the SCI population and low
research quality, there is weak to moderate evidence to support the effects of BWSTT on
improving HR measures and respiratory parameters; however, the evidence regarding BP

measures is still lacking or needed.
2.4.1. Heart Rate Measurements

Changes in HR were measured pre- and post-BWSTT in seven single group studies [34-
40]. One study [40] included only individuals with motor complete cervical SCI (i.e.,
quadriplegia) and found no changes in resting HR after BWSTT (2 sessions per week for 3
months). On the contrary, another study [34] that included both motor incomplete and complete
cervical SCI reported a significant decrease in resting HR after 6 months of BWSTT with 3
sessions per week. Two studies with mixed SCI lesion levels (i.e., quadriplegia and paraplegia)
[36, 37] also reported a significant decrease in resting HR after 6 weeks or 24 sessions over 10 to
16 weeks of BWSTT. Two other studies with mixed SCI lesion levels [35, 38] reported a
nonsignificant decrease in resting HR after 4 months or 4 weeks of BWSTT. Exercise HR was
measured in 2 studies [37, 39] with incomplete and mixed SCI lesion levels and was significantly

decreased after 24 sessions of BWSTT.

The intensity and duration of BWSTT may influence HR adaptation. One study [38]
found no significant decrease in resting HR, but the duration of this study was very short (4
weeks of BWSTT) as compared to the other studies [34, 36, 37] (8 weeks to 6 months of
BWSTT). Authors of this study did not provide information about the intensity of training. Also,
it might be challenging to find a significant change in HR after 4 weeks of exercise. It has been

shown that at least 6 to 8 weeks of walking training would be ideal for producing HR adaptation
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[36, 37]. Furthermore, moderate to high intensity of arm aerobic exercise for 8 weeks has been
shown to improve cardiopulmonary fitness in individuals with SCI [46]. Future studies in

walking training should focus on the impact of the training intensity on HR outcomes.

Completeness of injury (incomplete or complete SCI) might also have an influence on
HR response to walking training. In two studies [35, 40] that included only individuals with
motor complete injuries, BWSTT did not produce a significant decrease in resting HR. In Ditor’s
study,[35] only participants who had HR response (i.e., increased HR) during walking training
showed a decrease in resting HR. It seems that HR response and voluntary contraction of leg
muscles during BWSTT are essential factors for inducing HR adaptation [35]. A repetitive and
intensive locomotor training has been shown to improve the activity of leg muscles even in
persons with motor complete SCI [47, 48]. It is still unknown how significantly increased

activity of leg muscles after a course of walking training can contribute to HR adaptation.

Compared to arm cycling exercise, walking training can trigger the activity of larger
muscles in the body (i.e., leg and trunk muscles) through activation of central pattern generators
located within the spinal cord [49-51]. In addition, being in upright posture during walking
training can provide greater stress and challenge to the cardiovascular system. It has been shown
that in individuals with SCI, HR and oxygen uptake were significantly higher during BWSTT in
comparison to exercise in a sitting position [32, 33]. Consequently, walking exercise might
induce a greater positive adaptation in HR than conventional exercise approaches such as cycling
or FES leg cycling exercise [52]. However, the efficacy of walking training compared to other

exercise approaches has not been studied.

In relation to cardiac autonomic function, one study [34] showed an improvement in

HRYV, as reflected by a significant reduction in the ratio of low-frequency power to high-
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frequency power, in individuals with incomplete cervical SCI after 6 months of BWSTT. Two
studies [35, 38] reported a trend toward an improvement in HRV after 4 weeks or 4 months of
BWSTT. The duration of one of these studies that found nonsignificant improvement in HRV
after training was very short (i.e., 4 weeks) [38]. It might be difficult to find a significant
improvement in HRV within a short term of training. However, this study has noted a significant
improvement in HR complexity after training, which is an indirect measurement of cardiac
autonomic function [38]. The other study included only individuals with motor complete SCI,
and only participants who showed HR response (i.e., increased HR during training) to BWSTT

improved their HRV after 4 months of training [35].

The findings of these studies [34, 36, 37, 39] suggest that BWSTT might result in
decreased resting and exercise HR and improved cardiac autonomic function in individuals with
SCI. These studies that support the use of BWSTT in improving HR measurements used a single
group, pre- and post-test study design. Therefore, level 4 evidence is given for the use of

BWSTT to improve HR measurements following SCI.
2.4.2. Blood Pressure Measurements

Four studies [34-36, 40] investigated the effects of BWSTT on changes in BP
measurements in individuals with SCI. Two studies [35, 36] included individuals with cervical,
thoracic, or lumbar SCI, and the other two studies [34, 40] targeted only individuals with cervical
SCI. In the studies with mixed SCI levels, no significant changes in resting BP were observed in
individuals with motor incomplete SCI after 6 weeks of BWSTT [36] or in motor complete SCI
after 4 months of BWSTT [35]. In the studies of cervical SCI, one study observed no significant
change in resting BP in motor incomplete SCI after 6 months of BWSTT [34]. Another study

with motor complete cervical SCI reported a significant increase in resting BP after 3 months of
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BWSTT combined with neuromuscular electrical stimulation [40]. The authors of this study
suggested that the increase in resting BP might be due to improvement in sympathetic activity

after the BWSTT [40].

It is well known that regular exercise at moderate/high intensity can lead to a decrease in
resting BP [53, 54]. Past studies indicated that regular exercise might decrease resting BP in
people with paraplegia (SCI at T1 or below) for whom the prevalence rate of hypertension is
high [6, 55]. However, people with cervical SCI (quadriplegia) tend to have abnormally lower
resting BP compared to able-bodied individuals and those with thoracic or lumbar SCI
(paraplegia) due to impaired cardiovascular autonomic function after SCI [16-18]. Additional
reduction in BP after a period of exercise in people with quadriplegia might provoke symptoms
of hypotension [40]. A physical exercise program of FES leg cycling for several months
increased resting BP in people with quadriplegia [56]. The use of BWSTT in people with
quadriplegia may or may not lead to an increase in resting BP, as shown in two reviewed studies
[34, 40]. Studies that included participants with quadriplegia and paraplegia [35, 36] were
therefore inconclusive in terms of changes in BP due to the fact that resting BP may change in

opposite directions in these populations.

As discussed previously, the four studies [34-36, 40] that reported outcomes in resting BP
after BWSTT were inconclusive due to their heterogeneity in terms of study participants and the
response of the participants. In addition, all four studies had small sample sizes, ranging from 6
to 12 participants. This limited number of studies, small sample sizes, different levels of SCI,
and variable responses to walking exercise allow no conclusions to be drawn regarding the
effects of BWSTT on resting BP. Future clinical trials need to include large sample sizes and

focus on either paraplegia or quadriplegia.
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Two studies [34, 35] also measured BP variability pre- and post-BWSTT training. One
study [34] reported a significant decrease in low-frequency systolic BP (SBP) in individuals with
incomplete cervical SCI after 6 months of BWSTT. The other study from the same investigation
team found no significant changes in measurements of BP variability in individuals with motor
complete cervical or thoracic SCI after 4 months of BWSTT [35]. No conclusion can be made at

present.
2.4.3. Respiratory Parameters

Only 3 out of 9 studies that were included in this review measured pulmonary function as an
outcome [36, 41, 42]. In all three studies, there were improvements in some of the respiratory
parameters after a course of walking training. Soyupek et al. [36] found significant increases in
forced vital capacity (FVC) and inspiratory capacity (IC) in individuals with motor incomplete
SCI after 6 weeks of BWSTT. Another prospective study with a control group showed that vital
capacity (VC), VC%, FVC, forced expiratory volume in one second (FEV 1), and forced
expiratory flow rate 25% to 75% were significantly increased in participants who received 4
weeks of BWSTT (the experimental group) but not in those who received standard rehabilitation
program (the control group) [42]. Both groups showed a significant increase in maximum
voluntary ventilation [42]. However, this study did not use a random procedure in assigning the
participants into one of two groups.

In addition to measuring pulmonary function, a study explored the underlying mechanisms of
improvement in pulmonary function after walking training [41]. They reported significant
increases in FVC, FEV 1, and maximum expiratory pressure after 62+10 sessions of BWSTT.
Also, the amplitude and motor unit recruitment of all respiratory muscles during respiratory tasks

significantly increased after training as compared to baseline measures. The findings of the study
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suggest that BWSTT could induce neuroplasticity in spinal neural circuitry that is responsible for
the activation of respiratory muscles.

In comparison to exercises in sitting position, upright posture during walking training can trigger
the activity of trunk muscles including abdominal muscles, which play an important role in
respiration [49-51]. It is also a highly effective stressor of the cardiopulmonary system since the
lungs need to work harder to deliver more oxygen to larger working muscles [57]. Furthermore,
it has been shown that walking training increases the connectivity of neural spinal circuity
between motor cortex and leg muscles [58]. The increased muscle activity of inspiratory and
expiratory muscles after BWSTT may be explained by neuroplastic changes within the neural
spinal circuity that controls respiration [41]. All of those factors might induce greater adaptive
changes in pulmonary function. Based on this information mentioned, the use of BWSTT to

improve pulmonary function after SCI is supported by one study [42] with level 2 evidence.
2.5. Conclusion

To maintain cardiovascular and pulmonary health after SCI, it is crucial for people with SCI to
engage in regular physical activity. There is some evidence that the use of BWSTT as an
exercise in individuals with SCI has positive effects on cardiovascular and pulmonary health by
improving resting and exercise HR and respiratory parameters. No clear evidence is currently
available about which type of physical rehabilitation produces the best results. In addition, it is
not clear whether BWSTT leads to a better outcome in cardiovascular and pulmonary function
compared to conventional physical rehabilitation methods, such as arm cycling or FES leg
cycling exercise. Furthermore, current studies have not provided information about the effects of
the intensity level of walking training on these outcome measurements. Because of limited

studies, further investigations are necessary. Future randomized-controlled trial studies are
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needed to investigate the effects of BWSTT on cardiovascular and pulmonary health compared
to other physical rehabilitation interventions. Further studies also should investigate the influence
of walking training intensity (i.e., walking speed or amount of body weight support) on

cardiovascular or pulmonary health.
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Table 2.1: Key words and combination of key word used in the search

Population

Outcomes

Intervention

- Spinal cord injury
- Paraplegia,

- Quadriplegia/tetraplegia

- Heart rate

- Blood pressure

- Pulmonary function
- Respiratory function

- Respiratory parameters

- Locomotor training

- Walking training

- Gait training

- Body weight support

treadmill training

Note: “AND” was used between terms in population, outcomes, and intervention columns. The terms in the columns

are allied with “OR.”
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Table 2.2: Level of evidence and criteria based on the Spinal Cord Injury Rehabilitation
Evidence (SCIRE) system

Level of evidence | Criteria
Level 1 e RCT: PEDro score > 6. Includes crossover design with randomized
experimental conditions and within-subjects comparison.
Level 2 e RCT: PEDro score < 6.
(n=2) e Prospective controlled trial: Nonrandomized.
e Cohort: Longitudinal study using at least two similar groups with
one group being exposed to a condition.
Level 3 e Case-control studies: Retrospective study comparing control
conditions.
Level 4 e Pre-post: Trial with a baseline measure, intervention, and a post-est
(n="17) using a single group of subjects.
e Posttest: Posttest with two or more groups using a single group
(intervention followed by a posttest with no retest or baseline
assessment).
Level 5 e Observational: Study using cross-sectional analysis to interpret
relations.
e Case report: Pre-post or case series involving one subject.

Note: The PEDro scale is developed by the Physiotherapy Evidence Database to determine the quality of clinical
trials (high quality = score 6-10, fair quality = 4-5, poor quality = score < 3). RCT = randomized controlled trail.
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Summary of the studies, participant characteristics, interventions, outcome measures,

Table 2.3
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Record identified (n=264)
e PubMed (n=92)
e CINAHL (n=168)
e Pedro (n=4)

Record after removed of
duplicates (n=79)

Vv

Record screen (n=79)

>

Record removed (n=185)

Studies included in the
review (n=9)

Record excluded
e Cross-sectional (n=23)
e Wrong intervention (n=21)
e Wrong population (n=9)
¢ No relevant outcome measures
(n=17)

Figure 2.1: The flowchart of the literature search and selection process
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Chapter 3: The Feasibility of an 8-Week Walking Training Program Using a Novel

Assistive Gait Training Device in Individuals with Spinal Cord Injury
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Abstract

Background: A body weight-supported treadmill is widely used in rehabilitation interventions to
improve or restore walking ability after spinal cord injury [1]. During walking training, leg
assistance is usually provided through manual assistance by physical therapists or robotic-
assisted devices. A novel assistive gait training device using a pulling cable was developed in our

laboratory to aid physical therapists with leg assistance during treadmill gait training.

Purpose: The primary goal of this study was to examine the feasibility (recruitment, retention,
compliance, walking performance, and participant’s perception,) of an 8-week (3 sessions per
week, 30 min per session) walking training program using a novel assistive gait training device

in patients with chronic SCI.

Participants: A total of 11 individuals with either motor incomplete or complete chronic SCI (8
males, 3 females, age: 38+10 years old, injury levels T2-L1; injury onset 8+10 years) completed

the study.

Methods: All participants received walking training, 3 sessions a week for 8 weeks (a total of 24
sessions). Participants were trained on a treadmill with a body weight support system. Stepping
assistance of the legs during training was provided through a novel assistive gait training device.
Feasibility measures of recruitment, retention, compliance, and participants’ performance were
collected throughout the study period. In addition, participants’ perception about the walking
training program and assistive gait training device were evaluated at the end of the study using a

questionnaire.

Results: Out of 55 participants who were screened for eligibility, 36 participants met the

eligibility criteria of the study. A total of 15 participants agreed to enroll in the study among
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those who met the eligibility criteria. The recruitment rate (27.2%) was acceptable. At the end,
11 participants completed the study. However, 3 participants withdrew from the study, and one
participant was excluded from the study. Throughout the period of training, all participants were
able to progress in their walking performance with respect to treadmill speed (start: 0.76+0.1
miles/hour vs. end: 1.284+0.14 miles/hour), distance (start: 0.21+0.07 miles vs. end: 0.62+0.08
miles), duration of training (start: 16.274+4.33 minutes vs. end: 29.36+0.92 minutes), and
percentage of body weight support (start: 54.55+10.59% vs. end: 35.91+£11.36%). The overall
compliance rate of participants with training sessions was 96.24+6.5%. From responses to the end
of intervention questionnaire, the majority of participants showed acceptance and satisfaction
with the walking training program as well as the assistive gait training. No serious issues or

concerns were raised regarding the walking training program and assistive gait training device.

Conclusion: The 8-weeks walking training program was feasible in individuals with chronic SCI.

The assistive gait training device was feasible and safe to use with individuals with paraplegia.

Keyword: spinal cord injury; assistive gait training device,; body weight-supported treadmill

training; feasibility measures
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3.1. Introduction

In the United States, the incidence of spinal cord injury (SCI) has been estimated to be
17000 new cases per year. The number of people in the United States who were alive in 2016
and had SCI was estimated to be approximately 282,000. About 80 % of SCI occurs in
individuals aged between 18 and 30 years-old [2, 3]. It was reported that 53% of individuals with

SCI are unable to walk independently at one-year post-injury [1].

SCl is a serious medical condition that impacts sensorimotor function leading to various
secondary complications and, consequently, influences the quality of life. The extent of
sensorimotor impairment is determined by the level and completeness of injury to the spinal
cord. After SCI, patients usually undergo intensive rehabilitation therapy in order to restore
motor function and improve the functional ability of daily living activity. One of the primary

goals for people with SCI is to be able to regain walking ability [4].

Body weight-supported treadmill training (BWSTT) is a tool that is used in rehabilitation
to retrain patients with neurological conditions to improve or regain their walking ability.
Patients train on a treadmill while fitted into a harness, which is attached to an overhead
suspension system to provide body weight support and prevent the risk of falls during training.
Leg assistance during training is provided either manually by therapists or by robotic-assistive
devices such as a Lokomat. However, when physical therapists provide manual assistance during
training, the number of gait cycle repetitions can be limited due to the exhaustion of the physical
therapists who provide manual assistance [5]. Part of the problem is that a non-ergonomic body
posture of physical therapists while providing manual assistance to patient’s legs/feet during
training, which can increase workload and put therapists under risk of developing low-back pain

[6]. Although the robotic-assistive gait training can provide intensive, task-specific stepping
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training for patients, the cost of robotic-assistive gait devices cannot be afforded by most of the
rehabilitation clinics [7, 8]. In addition, it limits normal walking patterns and does not allow

walking variability during training [8].

A novel assistive gait training device using a pulling cable was developed in our
laboratory to aid physical therapists during treadmill gait training (Figure 3.1) [9, 10]. The
therapists pull a cable to assist patients with hip and knee flexion and ankle dorsiflexion during
the swing phase of the gait cycle. This device is low cost and allows therapists to work in a more
ergonomic body posture at a sitting position. The feasibility of this novel assistive gait training
device was examined previously in non-ambulatory patients with stroke in our laboratory [11].
From responses to the questionnaire, patients showed that the device was helpful and
comfortable, and they did not raise any concerns or issues regarding the use of the device. In our
previous feasibility study, stepping assistance was provided in one leg since stroke patients have
only one side that is affected. However, individuals with SCI usually have both legs affected and
need stepping-assistance for both legs during treadmill walking training. The assistive gait

training device using two pulling cables has not been tested previously.

Therefore, the primary purpose of the current study was to examine the feasibility
(recruitment, retention, compliance, walking performance, and participant’s perception) of an 8-
week (3 sessions per week, 30 min per session) walking training program using a novel assistive
gait training device in patients with chronic SCI. As an exploratory purpose, we investigated the
effects of the walking training program on lower extremity muscle strength, functional
independence, the level of depression, anxiety and stress, and health-related quality of life

(HRQOL) in individuals with chronic SCI.

70



3.2. Methods
3.2.1. Participant

A total of 15 participants with chronic paraplegia were enrolled in the study. Participants
were mainly recruited as a convenience sample from the Spine Center Clinic at the University of
Kansas Hospital. In addition, the Healthcare Enterprise Repository for Ontological Narration
database at the University of Kansas Medical Center was utilized to obtain the contact
information of patients with SCI who were admitted to the University of Kansas Hospital and
agreed to be contacted for participating in relevant research studies. Study flyers were also
distributed at out-patient rehabilitation centers and SCI support groups in the Kansas City area. A
member of the study teams contacted potential participants by phone calls or emails to determine
their eligibility. Inclusion criteria for participants were chronic (= 1 year) incomplete or
complete paraplegia (T1-L2), age between 18-60 years-old, relying on a wheelchair as the
primary mode of mobility, and not receiving any similar form of walking training activity. In
addition, participants needed to have approval from their physicians to participate in walking
training. Participants were excluded from the study if they had a history of cardiovascular
disease such as heart diseases or peripheral vascular diseases; other neurological diseases such as
stroke, Parkinson’s, multiple sclerosis, etc.; severe orthopedic issues such as joint stiffness or
recent fractures; severe muscle spasticity (> 3 according to Ashworth scale); severe osteoporosis;
current inflammatory diseases or infections; or uncontrolled autonomic dysreflexia. In addition,
pregnant women were excluded from participating in the study. After a detail explanation of
study purpose and protocol, all participants signed written informed consent. The study received

approval from the Institutional Review Boards at the University of Kansas Medical Center.
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3.2.2. Study Design

This study was a pilot, single group, pretest-posttest study design. Eligible participants
received 3 sessions a week of walking training for 8 weeks. Feasibility measures were taken
throughout the study. Clinical assessments and subjective reporting through questionnaires were
conducted at baseline (pre-training) and after completion of 8-week walking training (post-

training).
3.2.3. Walking Training Protocol

Participants underwent 3 sessions per week of walking training for 8 weeks, a total of 24
sessions. Walking training was performed on a treadmill with an overhead motorized lift system
that was placed above a treadmill. The overall duration of the training session was one hour,
including set up time. The actual time for walking training was 30 minutes (2 bouts of 15
minutes). The participant was allowed to take rest from 3-5 minutes between bouts or at any time
during training. First, the participant fitted on a harness attached to an overhead motorized lift to
provide body weight support (BWS) and prevent the risk of falls. At the beginning of the training
sessions, approximately 60-40 % of the participant’s body weight was supported as tolerated
without knee buckling or feet drag. The amount of BWS was reduced by 5% during each week
as tolerated by the participant. A digital scale attached to a motorized lift was used to determine
the amount of BWS. A novel assistive gait training device developed in our laboratory was used
to assist the participant with forward leg stepping during walking on a treadmill [9]. Two thigh
braces were placed onto the participant’s right and left thighs and secured using straps. These
braces were attached to a pulley system via pulling cords (Figure 3.1). The assistive gait training
device was operated by two therapists to assist the participant with hip and knee flexion and

ankle dorsiflexion of the legs during the swing phase of the gait cycle. The participant was
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encouraged to actively move his/her legs throughout training. At the beginning of training, the
initial speed of the treadmill was set at 0.5 miles/hour. After two minutes of warm-up, the speed
of the treadmill was gradually increased until the participant’s heart rate (HR) reached 40-59% of
his/her HR reserve ([maximum HR — resting HR]Xtarget intensity+ resting HR) as recommended
by American College of Sports Medicine guidelines for moderate intensity [12]. The maximum
heart rate was determined through the age-predicted maximum heart rate (220 — participant’s
age) [13]. In addition, the participant rated his/her level of exertion between each training bout
and by the end of the training session, using the Borg Rating of Perceived Exertion Scale (RPE:
6-20). At the end of the training session, treadmill speed was decreased to 0.5 miles/hour, and the
participant ambulated at this speed for 2 minutes to cool down. For safety reasons, the
participant’s HR was monitored throughout the training session using a polar OH1 optical HR
sensor (Polar Electro Inc., New York), and the participant’s blood pressure at rest was
recorded before, in the middle, and at the end of the training session. The training session
was stopped if the participant’s heart rate exceeded 85% of age-predicted maximum HR, or
participant’s systolic or diastolic blood pressure reached 220 mmHg or 110 mmHg, respectively.
A walking training log was utilized to record training duration, treadmill speed, walking

distance, BWS, HR, blood pressure, and RPE during each training session.
3.2.4. Feasibility Outcome Measures

Throughout the study, we collected data on feasibility measures of recruitment, retention,
compliance, walking performance, and participant’s perception. The recruitment rate was
assessed by recording the number of participants who were screened for eligibility, those who
were excluded because of eligibility criteria, and those who declined or enrolled to participate in

the study. Retention data was obtained by recording the number of participants who dropped out
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during the study, along with their reasons. The compliance rate was documented through
recording the total number of completed sessions and incomplete sessions along with reasons for
absence. Walking performance data was obtained by recording walking duration and distance,
treadmill walking speed, and the amount of BWS during each session. Information on
participant’s perception was acquired through a questionnaire that was administered to the
participant at the end of the walking training program. The questionnaire, which was derived
from previous studies, evaluated participant’s acceptance of and satisfaction with the walking

training program and the assistive gait training device (see Appendix II) [14-17].
3.2.5. Muscle Strength of Lower Extremity

Muscle strength was evaluated using lower extremity motor score (LEMS), according to
guidelines of the American Spinal Injury Association (ASIA) exam [18]. LEMS is a manual
muscle testing that assesses the strength of five key muscle groups of the lower extremity
bilaterally: hip flexors, knee extensors, ankle dorsiflexors, great toe extensors, and ankle
plantarflexors. Each muscle group was graded from 0 (absence of muscle contraction) to 5
(active movement with the full range of motion against full resistance). The total score of LEMS

ranges from 0 to 50.
3.2.6. Level of Functional Independence

The Spinal Cord Independence Measure (SCIM) self-report version (SCIM-SR) was
utilized to evaluate the level of functional independence. The SCIM-SR s a valid self-reported
questionnaire that is designed to measure the functional ability of daily living activities for
persons with SCI [19]. It has an excellent agreement with the clinician-administered SCIM
version-III [19]. This questionnaire contains 17 items, divided into three subscales: self-care

(items 1-4), respiration and sphincter management (items 5-8), and mobility ability (items 9-17).
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The total score of SCIM-SR ranges from 0 to100, which indicates the level of functional

independence. The higher score represents a higher level of functional independence.
3.2.7. Level of Depression, Anxiety, and Stress

Depression Anxiety Stress Scales-21 (DASS-21) was used to evaluate the level of
depression, anxiety, and stress [20]. DASS-21 is a self-administered questionnaire that is
designed to assess the negative emotional states of depression, anxiety, and stress over the past
few weeks. It consists of 3 subscales with seven items in each subscale (total of 21 items). The
response to each question is given on a 4-point Likert scale ranging from 0 = “Did not apply to
me at all” to 3 = “Applied to me very much or most of the time.” The score for each subscale is
calculated by summing the scores for the relevant items. The low score indicates a normal level,

whereas the high score indicates an extremely severe level of depression, anxiety, and stress.
3.2.8. Health-Related Quality of Life (HRQOL)

The change in HRQOL was assessed via the Short form-36 Health Survey (SF-36). SF-36
is a self-reported, 36-items questionnaire that assesses eight domains of perceived HRQOL
during the previous 4 weeks [21, 22]. The eight domains include physical functioning, role-
physical functioning, bodily pain, general health, vitality, social functioning, role-emotional
functioning, and mental health. The higher score represents better HRQOL. The overall score of

SF-36 was calculated by taking the average score of eight domains.
3.2.9. Statistical Analysis

Descriptive statistics of frequency, mean, and standard deviation were generated on the
feasibility data collected during the study. The Wilcoxon signed-rank test was conducted to

assess differences in outcome variables between the pre-training and post-training assessment
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due to the small sample size and because data of independent variables might not be normally
distributed. The level of significance was set at 0.1 (one-tailed test) due to the small sample size

of the study.

3.3. Results

3.3.1. Feasibility Outcomes

A summary of the recruitment processes is shown in Figure 3.2. A total of 65 potential
participants with SCI were contacted via phone or email between November 2018 and August
2019. Among those who were contacted, 55 individuals were screened for eligibility. Upon
completing a phone screening, 16 individuals were excluded due to various reasons based on
answers provided to screening questions, and 3 individuals were not interested in participating in
the study. The reasons for exclusion include cervical injury (n = 6), injury onset less than a year
(n =2), ability to walking independently (n = 4), having other medical complications (n = 3), and
over the age limit (n = 1). Among 36 potential participants who met eligibility criteria, 21
participants declined to participate in the study due to different reasons, including transportation
limitations (n = 6), conflict with work schedule (n = 4), living far away from our laboratory (n =
3), or lost interest (n = 3). Besides, 5 participants, who met eligibility and agreed to enroll in the
study via phone, did not show for the baseline assessment due to transportation limitations. Out
of those who met the eligibility criteria of the study, 15 participants agreed to enroll in the study.
However, 3 participants withdrew from the study after completing 3-4 weeks of training due to
demands of work or family schedule (n = 2) or an adverse event not related to the study (n = 1).
One participant was excluded from the study after the first session because he had a colostomy,
which might have interfered with the wearing of a safety harness. In the end, a total of 11

participants successfully completed the study, and their demographic and clinical characteristics
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are illustrated in Table 3.1. The average age of participants was 38.09+10.31 years. 8
participants were males, and 3 participants were females. 8 participants had complete SCI (ASIA
grade A or B), and 3 participants had incomplete SCI (ASIA C or D). 5 participants had upper
paraplegia (T2-T5), and 6 participants had lower paraplegia (T6-L1). The average time of injury

onset for study participants was 8.72+10.40 years.

In respect to walking performance, the mean treadmill speed, distance, and walking
duration that participants walked in the first session were 0.76+0.1 miles/hour, 0.2140.07 miles,
and 16.27+4.33 minutes, respectively. All participants were able to gradually increase their
treadmill speed, walking distance, duration of training during the 8-week walking training
program. The mean treadmill speed, distance, and walking duration during the last training
session were 1.28+0.14 miles/hour, 0.62+0.08 miles, and 29.36+0.92 minutes, respectively. The
mean percentage of BWS provided during treadmill walking training was 54.55+10.59% in the
first week of training sessions and 35.91£11.36% in the last week of training sessions. Out of 11
participants, 8 participants completed all training sessions, which included 24 sessions. The
number average of completed sessions was 23.09+1.5, and the overall compliance rate was
96.2+6.5%. Details about participant’s walking performance and their attendance are presented

in Table 3.2.

After completing 8 weeks of walking training, participant’s acceptance of and satisfaction
with the walking training program and the assistive gait training device was evaluated by a
questionnaire. A total of 11 participants completed the end intervention questionnaires. As
shown in Figure 3.3-A, all participants were satisfied with the time length and procedures of
walking training, and they felt walking training was safe and secure. Out of 11 participants, 9

participants felt walking training was comfortable regarding harness. All participants enjoyed the
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walking training program and would participate in walking training again. Ten participants
reported that walking training improved their life. The improvement of walking ability after the
training program was reported from 6 participants. Participants’ acceptance of and satisfaction
with the assistive gait training device was rated high, see Figure 3.3-B. All participants agreed to
strongly agreed that the device was safe, secure, and comfortable and provided sufficient
assistance during walking. All participants were satisfied with the time needed to set up the

assistive device and would recommend using this assistive device by others.
3.3.2. Muscle Strength of Lower Extremity

The overall results of the LEMS are shown in Table 3.3. Following the training, motor
score significantly improved from 3.64+2.05 to 4.82+2.42 at the right leg (p < 0.05) and from
3.09+1.76 to 4.27+7.07 at the left legs (p = 0.05). The total score of LEMS significantly
increased from 6.73+3.91 to 9.09+4.55 after the training (p<0.05). By conducting subgroup
analysis based on injury severity, a significant change in the total score of LEMS was found in
participants with motor incomplete SCI (ASIA grade C or D) compared to those with motor
complete SCI (ASIA grade A or B). Specifically, the total score of LEMS increased on average
by 6.67 points in participants with motor incomplete SCI. In contrast, participants with motor

complete SCI showed a slight mean increase of 0.75 points in the total score of LEMS.
3.3.3. Questionnaire Qutcomes

SCIM-SR score of each subscale showed significant improvements after training (Table
3.4). The total score of SCIM-SR significantly increased from 61.36+12.43 to 71+9.09 after
training (p <0.01). There were significant decreases in the mean score of depression (pre:
4.09+2.70 vs. post: 1.73£1.19, p < 0.01), anxiety (pre: 3.82+4.60 vs. post: 2.36+3.98, p < 0.05)

and stress (pre: 4+2.93 vs. post: 1.91£1.22, p < 0.01) after training. The overall score of SF-36
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significantly increased after training as compared to before training (pre: 57.51+12.18 vs. post:

71.04£6.97, p <0.01).
3.4. Discussion

The primary findings of this study provide insights into the feasibility of the §-week
walking program regarding participants’ recruitment, retention, and compliance with training as
well as feasibility information about using a novel assistive gait training device in individuals
with SCI. In addition, the findings of this study suggested that 8-week of walking training might
improve levels of lower extremity muscle strength and functional independence of daily living
activity as well as have positive impacts on psychological and health status in individuals with

chronic SCI.

The recruitment rate (27.2%) of participants with chronic paraplegia reached in this study
was acceptable, although it remains relatively low, considering the number of potential
participants (n=55) who were screened for eligibility. Our recruitment rate was higher than other
feasibility studies investigating locomotor training in individuals with chronic SCI [23, 24].
Similar to our findings, Gagnon et al. [25] reported a recruitment rate of 28.6% in 6 to 8 weeks
of locomotor training. Of participants who were screened for eligibility, around 29% of them
were excluded, and 5% of them were not interested. The reasons for exclusion were having a
cervical injury, injury onset less than a year, ability to walking independently, or having other
medical complications. About 58% of participants who met eligibility criteria did not agree to
participate in the study. In reviewing the reasons for the decline, lack of transportation, schedule
conflict, and living far away from the location of the study were the major challenges. Future
studies may consider providing transportation assistance; offering training sessions at various

locations such as other rehabilitation centers and community recreation activity centers;
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adjusting the schedule of training sessions to meet participant’s availability such as providing
training sessions in evenings or weekend days; and providing temporary housing for eligible and
interested candidates who live further away. The dropout rate of this study was 26% (n=4/15).
The reasons for withdrawing from the study included demands of work or family schedule, an
adverse event not related to the study, or a medical reason. The dropout rate in our study was
lower than in the study that involved 10 weeks of walking training activity (20 sessions) in
individuals with chronic paraplegia, showing a dropout rate of 50% [23]. Another study
involving 6 months of walking training in individuals with chronic SCI reported dropout rate of
30% [26]. The compliance rate (96.21%) of this study was excellent. The majority of participants
were able to complete 24 sessions within 8 weeks. The high rate of compliance with the schedule
of training sessions attests the commitment of the participants. Throughout 8 weeks of walking
training, all participants showed the ability to progress in their walking performance in related to
treadmill speed, training duration, walking distance, and the amount of body weight support. Out
of 11 participants, 9 participants were able to exercise at the target HR zone (40%-59% of HR
reserve) in the majority of training sessions. However, two participants (SCI03 and SCI06) were
not able to achieve the target HR zone in the majority of training sessions, and they were
exercising at 30%-39% of their HR reserve most of the time. The participant SCI03 was on a
beta-blocker medication and was not trying to engage in the training actively on many occasions.

The participant SCI06 did not actively engage in the majority of training sessions.

The findings of this study showed that the 8-week walking training program using the
novel assistive gait training device was feasible to perform and well-tolerated. Subjectively, all
participants reported positive perceptions about time length, procedures, and safety of training.

All participants enjoyed the 8-weeks walking training program. Some participants commented
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that they wanted to continue training sessions for a longer time because they observed some
benefits of walking training. Participants were asked to report any adverse events (e.g., pain,
fatigue, or dizziness) during training sessions and to check their skin for breakdown or sores after
every training session. No adverse events were reported during the walking training program. All
participants’ perceptions were positive toward the use of the assistive gait training device. No

concerns or safety issues were raised regarding the walking training and assistive device.

Only participants with motor incomplete SCI showed a significant increase in their scores
of lower extremity muscle strength. Unlike individuals with motor complete SCI (ASIA grade B
or A), those with motor incomplete SCI (ASIA grade D or C) are expected to gain improvements
in functional motor ability with an intervention that provides mobility training [27]. Thus, it
could be that walking training in participants with incomplete SCI strengthened spared neural
pathways in the spinal cord, which resulted in improved muscle strength [28]. Interestingly, we
observed that 2 out of 8 participants with motor complete SCI showed the potential to improve
their motor scores of hip flexor and knee extensors muscle strength after training and ability to
take some steps without assistance during walking training on a treadmill. Case studies, in
individuals with chronic motor complete SCI (ASIA grade A or B), reported potential
improvements in scores of lower extremity muscle strength and walking ability on a treadmill or
over-ground following 7 months or 85 sessions of intensive walking training [29, 30]. The
duration and number of training sessions in our study were much shorter compared to those case
studies. It may be possible that long-term intensive gait training using our training device may
further improve leg muscle strength and lead to the recovery of independent walking in some

patients with motor complete SCI.
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Furthermore, 5 participants reported significant improvements in their functional
independence of daily living activity after training. The total score of SCIM increased on average
by 9 points, with considerable increases in the respiration and sphincter management and
mobility subdomains. This finding was similar to that of other studies that reported an
improvement of functional independence after walking training, using the clinical version of
SCIM-III [31, 32]. In this study, we utilized the self-report version of SCIM because it does not
require additional resources, provides fast data collection, and can be administrated in any
setting. It has an excellent agreement with the clinician-administered SCIM-III [19]. To our
knowledge, this study was the first to investigate the influence of walking training on the self-

reported version of SCIM in SCI patients.

Due to neurological loss or impairment, patients with SCI deal with different stresses of
coping with environmental barriers, high economic costs, occupational limitations, and strains on
personal and social interaction on a daily basis [33]. Such intense situations might lead to
tremendous psychological distress and impact on the quality of life. The current study showed
significant changes in depression, anxiety, and stress components of the DASS 21 after 8 weeks
of walking training. Also, significant changes by the participants in their perception regarding
health-related quality of life were reported. Positive changes seen in these components might be
due to the benefits of regular exercise on mood and quality of life. A previous study showed that
a single bout of BWSTT has small to medium positive effects on mood in individuals with SCI
[34]. However, few studies to date have studied the cumulative effects of walking training on
psychological health among people with SCI. Thus, the findings of this study showed that the 8-
week walking training program could have considerable impacts on psychological status in

participants with SCI. Regular participation in exercise could improve participants’ functional
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independence and prevent any secondary complication, which might positively influence their
quality of life [35]. Another possibility is that walking training might help to reduce pain as
reported by some participants, resulting in improvements in psychological status and quality of
life. Providing the opportunity to stand upright during walking training could improve the
participant’s motivation and engagement in physical activity. Also, participating in physical
activity in which they see themselves walking again could have positive effects on emotional
thrill [36]. Taken all together, walking training using BWSTT can provide powerful
improvements in aspects of psychological status and quality of life even though some people

with SCI might not regain their walking ability after training.

Limitations of this study include the small sample size of participants recruited from a
single site as well as the lack of a control group. This feasibility study tested only participants’
perceptions to the use of the assistive gait training device. However, the study failed to include
an evaluation of therapists’ perceptions on the use of the training device. Only individuals with
thoracic or lumbar SCI (T1-L2) were included in the study. Thus, the findings cannot be

generalized to all SCI populations, such as those with a cervical injury.
3.5. Conclusion

The findings of the current study suggest that the 8-week walking training program was
feasible and tolerable for individuals with chronic SCI. Our novel assistive gait training device
was feasible and safe to use in individuals with SCI. Furthermore, regular walking training
improved functional independence, psychological health, and quality of life in people with SCI.
A future study is needed to evaluate physical therapists’ perceptions and satisfaction with the use

of an assistive gait training device in comparison to manual assistance provided by therapists

83



during treadmill walking training. The feasibility of using the assistive gait training device in

persons with cervical SCI as well as in clinical settings warrants further study.
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Table 3.3: Lower extremity motor score (LEMS) pre- and post-training

Pre-training | Post-training | Mean change p-value
Right LEMS 3.64+2.05 4.82+2.42 1.18+0.46 0.02
Left LEMS 3.09+1.76 4.27+7.07 1.18+0.46 0.05
Total LEMS 6.73+£3.91 9.09+4.55 2.36+0.91 0.02

Values are presented in mean + standard error of mean.

LRMS: Lower Extremity Motor Score.
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Table 3.4: The results of functional independence, physiological heath, and quality of life pre-

and post-training

Pre-training Post-training Mean change p-value
(post-pre)

Spinal cord independence measure-
self report (SCIM-SR)
Self-care 16+4.26 18+2.32 242.19 <0.05
Respiration and sphincter 28.55+6.29 33.09+4.72 4.54+3.93 <0.01
management
Mobility 16.82+3.31 19.91+£3.61 3.09+2.21 <0.001
Total score of SCIM 61.36+12.43 71+9.09 9.64+5.46 <0.001
Depression, Anxiety, Stress Scale-21
Depression 4.09+2.7 1.73+1.19 2.36+2.01 <0.01
Anxiety 3.824+4.60 2.36+3.98 1.45+1.57 <0.05
Stress 4+2.93 1.91+1.22 2.09+1.81 <0.01
Health-related quality of life
Total score of SF-36 57.51+12.18 71.04£6.97 13.53+7.67 <0.001

Values are presented in mean + standard Deviation.

SF-36: Short form-36 Health Survey
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Figure 3.1: The assistive gait training device with two pulling cables operated by two therapists
on either side of the treadmill

(A) Two thigh braces which attach to fixed pulleying system in the front of the treadmill via a
cable are placed on both right and left thighs. Two physical therapists sit on the right and left
side of the treadmill and coordinate to operate the assistive device by pulling the handle attached
to the cable. (B) The physical therapists pull the handle attached to the cable to assist a patient
with hip flexion and ankle dorsiflexion during the swing phase of the gait cycle
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Figure 3.2: Processes of participants recruitment
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B. Participants' perception to the assistive gait training device
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Figure 3.3: Participants’ perception to the 8-week walking training program and the assistive gait
training device
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Chapter 4: Potential Factors of Heart Rate Adaptation after 8 Weeks of Walking Training

in Individuals with Chronic Spinal Cord Injury — A Preliminary Study
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Abstract

Objective: Previous studies, in individuals with spinal cord injury [1], reported a significant
decrease in resting and exercise heart rate (HR) after a course of walking training. The potential
underlying mechanisms of resting and exercise HR adaptation after a course of walking training
in people with SCI is still unknow. The purpose of this study was to investigate the underlying
mechanisms of HR adaptation by examining correlations between changes in four factors (leg
muscle activity, cardiac autonomic function, lung vital capacity, and leg muscle spasticity) and
changes in resting and exercise HR after walking training program in individuals with chronic

SCIL.

Design: This was a pilot, single group, before-and-after study design.

Participants: A total of 11 participants with chronic SCI completed pre- and post-training

assessments and walking training sessions.

Interventions: Participants received a walking training program using a treadmill, a body weight
supported system, and an assistive gait training device, 3 sessions per week for 8 weeks, a total

of 24 training sessions.

Outcome Measures: Resting and exercise HR, electromyographic activity of leg muscles,
frequency-and time-domain measures of heart rate variability (HRV), lung vital capacity, and

spasticity of leg muscles were assessed before and after completing 8-week of walking training.

Main Results: Strong correlations were found between the change in low-frequency power of
HRYV and the change in resting HR (r = - 0.737, p <0.01), between the change in root mean
square of the successive differences (RMSSD) of HRV and the change in resting HR (r=- 0.6, p

< 0.05), and the change in lung vital capacity and the change in resting HR (r =- 0.624, p <
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0.05). There was a moderate correlation between the change in high-frequency power of HRV
and the change in resting HR (r = - 0.56, p < 0.05). The change in neuromuscular activity of leg

muscles was strongly correlated with the change in exercise HR (r =- 0.622, p < 0.05).

Conclusion: The primary findings of this study suggest that the modulations of cardiac
autonomic function and improvement of lung function after training were significant contributors
to resting HR adaptation, while increased neuromuscular activity of leg muscles was a significant

contributor to exercise HR adaptation.

Keywords: spinal cord injury; heart rate, leg muscle activity, cardiac autonomic function lung

vital capacity, leg muscle spasticity; walking training
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4.1. Introduction

With an increased life expectancy of people with spinal cord injury (SCI), cardiovascular
disease (CVD) has become the common leading cause of death [2-4]. A persistently elevated
heart rate (HR) is linked to increased risks of CVD [5]. The prevalence of elevated resting HR in
people with SCI has estimated to be 27- 41%, and it is more prevalent in people with paraplegia
[6, 7]. Lack of physical activity after injury plays an important role in decreased cardiovascular
fitness, as reflected by increased resting and exercise HR. Previous studies reported low levels of
physical activity among people living with SCI, and about 50% of them did not achieve the
recommended level of physical activity for people with disabilities [8, 9]. This could explain the
decreased cardiovascular fitness among the SCI population. Elevated HR in rest or during
physical activities is more common in individuals with SCI as compared to healthy individuals

and in individuals with paraplegia compared to those with quadriplegia [10, 11].

Previous studies in individuals with SCI reported improvement of cardiovascular fitness
after walking training, as shown by reduced resting and exercise HR [12-16]. However, the
underlying mechanisms of HR adaptation following walking training in individuals with SCI is
still unknown. After SCI, the reduced leg muscle pump, dysregulation of the cardiac autonomic
nervous system, declined lung function, and increased muscle spasticity may negatively
influence the cardiovascular system. Rhythmic contraction of leg muscles (contraction and
relaxation) during locomotion plays an important role in promoting venous return from legs to
the heart. The absence of leg muscle contraction due to loss or impairment of sensorimotor
function can lead to a significant decrease in venous return and stroke volume and consequently
increases HR as a compensatory reflex [17]. Furthermore, the cardiac autonomic nervous system

is an important modulator of HR. The function of the cardiac autonomic nervous system can be
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non-invasively quantified by measuring heart rate variability (HRV) [18, 19]. Past studies
showed that individuals with SCI, particularly those with paraplegia, had alterations in HRV as
demonstrated by increased low frequency (LF) powers and decreased high-frequency (HF)
powers and root mean square of the successive differences (RMSSD), as compared to healthy
individuals [20, 21]. Lack of physical activity plays an important role in the alteration of cardiac
autonomic function, as shown by decreased HF and RMSSD (i.e., diminished parasympathetic
activity), which results in an increased HR [21, 22]. Besides, lung vital capacity is an important
parameter in predicting respiratory and cardiovascular health. After SCI, lung vital capacity
decreases as a result of respiratory muscle weakness as well as reduced physical activity [23]. It
has been shown that the decline in lung vital capacity is associated with adverse cardiovascular
outcomes, including increased HR [24]. In addition, muscle spasticity after SCI is associated
with decreased arterial diameter and increased blood flow resistance [25]. Thus, the workload on
the heart would increase in order to deliver blood to body tissues. It has been reported that
increased muscle spasticity may be associated with increased HR in individuals with
neurological diseases [13, 26, 27]. Repetitive locomotor training in individuals with SCI has
been shown to increase the rhythmic neuromuscular activity of leg muscles [28-31], regulate
cardiac autonomic function [12, 13], improve lung vital capacity [14, 32, 33], and reduce
spasticity of leg muscles [34-36]. Thus, it is possible that changes in those factors after a course
of walking training might contribute to an improvement in HR, but quantitative examinations are
needed.

Therefore, the purpose of this study was to examine correlations between changes in four
factors (leg muscle activity, cardiac autonomic function, lung vital capacity, and leg muscle

spasticity) and changes in resting and exercise HR after a walking training program in
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individuals with chronic SCI. The hypothesis was that decreases in resting and exercise HR after
the walking training would show significant correlations with increased leg muscle activity,
which would be stronger than its correlations with changes in cardiac autonomic function, lung

vital capacity, or leg muscle spasticity.
4.2. Methods
4.2.1. Participants

We primarily recruited a convivence sampling of individuals with chronic SCI from the
Spine Center Clinical at the University of Kansas Hospital. In addition, we used the Healthcare
Enterprise Repository for Ontological Narration database at the University of Kansas Medical
Center to obtain the contact information of patients with SCI who were admitted to the
University of Kansas Hospital and agreed to be contacted for participating in a research study.
We also visited and distributed study flyers in outpatient rehabilitation centers and SCI supported
groups in Kansas City area. Individuals were included in the study if they had chronic SCI (=12
months) and paraplegia (T1-L2) and were between age 18-60 years-old, unable to walking
independently (scored < 5 in Functional Independence Measure, Locomotion: Walk), and not
participating in any similar walking training activity. In addition, individuals should have
medical approval from their physician to participate in walking training. Participants were
excluded if they had one of the following conditions: major CVD such as heart diseases; any
other neurological diseases such as stroke, multiple sclerosis, and Parkinson diseases, etc.; severe
muscle spasticity ( > 3 according to Ashworth scale); severe orthopedic issues such as joint
stiffness and fractures; severe osteoporosis (bone mineral density T-score less than — 2.5);
current inflammatory diseases or infections; pregnant women; or uncontrolled autonomic

dysreflexia. Prior to participating in the study, participants signed a written informed consent.
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The study protocol was approved by the Institutional Review Boards at the University of Kansas

Medical Center.

4.2.2. Study Design

This study used a pilot, single group, pretest-posttest study design. Eligible participants
received 3 sessions per week for 8 weeks of walking training using a treadmill, body weight
supported system, and assistive gait training device. The outcome measures listed below were
performed at baseline (pre-training) and within 3 days after completing the 8-week walking
training (post-training). Participants were instructed to restrain from caffeine, cigarette smoking,
and physical activity for at least 12 hours, and empty their bladder (or urine bad) before a testing
session. Participants were also asked not to take any medication 9 hours before measurements

unless it is necessary.

4.2.3. Walking Training Protocol

The walking training session was scheduled 3 times per week for 8 weeks. Participants
exercised on a treadmill with a body-weight support (BWS) system and an assistive gait training
device (Figure 4.1). The participant wore a safety harness, which was attached to an overhead
motorized lift to provide BWS and to prevent the risk of falling. The amount of BWS was chosen
based on the participant’s tolerance without knee buckling or toe dragging. At the initial
sessions, 60 to 40 % of the participant’s body weight was supported. In the following sessions,
the amount of BWS was decreased by 5% each week as tolerated. However, if the participant
was unable to tolerate new BWS or showed knee buckling or toe dragging, the BWS was
increased by 5%. The amount of BWS was determined using a digital scale attached to a
motorized lift. A novel assistive gait training device developed in our laboratory was used to

assist the participant with leg stepping during walking on a treadmill [37]. Two thigh braces were
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placed onto the participant’s left and right thighs and secured using straps. These braces were
attached to a pulley system via pulling cords (Figure 4.1). The assistive gait training was
operated by two therapists to assist the participant with hip flexion and ankle dorsiflexion at the
beginning and during the swing phase of a gait cycle. The participant was encouraged to actively
engage in moving his/her legs throughout training. The duration of each training session was
chosen based on the participant’s tolerance. The goal was to have the participant ambulated for a
total of 30 min (2 bouts of 15 minutes). The participant was allowed to take a rest at any time. At
the beginning of training, the initial treadmill speed was set at 0.5 miles/hour. The participant
ambulated at 0.5 miles/hour for 2 minutes to warm up. Then, the treadmill speed was gradually
increased until the participant’s HR reached 40-59% of his/her HR reserve ([maximum HR —
resting HR] * target intensity% + resting HR) as recommended by American College of Sports
Medicine guidelines [38]. Maximum HR was determined using the age-predicted maximum HR
(220 — participant’s age) [39]. In addition, the Borg Rating of Perceived Exertion Scale 6-20 was
used to rate participant’s level of exertion during training between bouts and by the end of the
training session. At the end of the training, participants walked at slow speed (0.5 miles/hour) for
2 minutes to cool down. During each training session, training duration, treadmill speed, BWS,
HR, blood pressure, and rate of perceived exertion were recorded using a walking training log.
To ensure the safety of training, HR was monitored throughout training using a Polar OH1
optical HR sensor (Polar Electro Inc., New York), and blood pressure was recorded
before the training, between each training bout, and at the end of the training session.
The participant’s HR should not have exceeded 85% of the age-predicted maximum HR, and the

participant’s blood pressure should have been maintained below 220/110 mm Hg.
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4.2.4. Resting and Exercise Heart rate (HR)

Resting HR was measured during a sitting position after 10 minutes rest using an
automated oscillometric device (Omron 7 Series®-BP760N, Omron Healthcare Co., Muko,
Kyoto, Japan). This device was used to measure resting HR and blood pressure simultaneously.
Three readings were obtained, and the average of three readings was calculated to determine
resting HR. Exercise HR was measured during a graded treadmill walking test with the same
testing conditions in terms of treadmill speed and percentage of body weight support (BWS) pre-
and post-training assessment. Exercise HR was obtained in the second session of week 1 and the
last session of week 8. Participants walked on a treadmill with a starting warm-up speed of 0.5
miles/hour. The treadmill speed was increased by 0.2 miles/hour every two minutes. Exercise
HR was monitored by a Polar OH1 optical HR sensor (Polar Electro Inc., New York) placed
in the participant’s upper part of the left forearm. This HR sensor has an excellent
agreement with ECG measure and can be utilized as a valid measure of HR during
moderate to high intensity physical activities [40]. Exercise HR was recorded at the
beginning and every 2 minutes (Figure 4.2). Exercise HR recorded at the end of the 6 minutes at
a treadmill speed of 0.9 miles/hour was included in data analysis. Leg assistance was provided to

participants as needed.
4.2.5. Electromyography Activity of Lower Limbs Muscles

The neuromuscular activity of four muscles in both lower limbs (biceps femoris, rectus
femoris, gastrocnemius medialis, and tibialis anterior) was measured using an electromyography
(EMG) system (Trigno™ Wireless EMG, Delsys incorporated, Natick, MA, USA). Prior to the
test, skin areas on where EMG sensors will be placed were cleaned using alcohol wipes and

shaved if needed. Then, wireless EMG sensors were placed on these muscles bilaterally
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according to the SENIAM guidelines [41]. The signal recording was obtained during walking on
a treadmill. The amount of BWS (50%) and treadmill speed (0.9 miles/hour) was kept constant
for each participant during the measurement at baseline and after completing the study, as
described in a previous study [28]. EMG signals were recorded from at least 10 step cycles.

Manual assistance for both legs was provided by two therapists when it was needed.

EMG signals were recorded at a sample rate of 1800 Hz and processed using a lab-made
program in MATLAB. Briefly, the raw EMG signals first were digitally filtered using
Butterworth filters (band-pass 30—300 Hz) and then rectified. Root mean square (RMS) EMG
signals were calculated using a time-window of 0.2 seconds. Peak RMS amplitudes for each
muscle during 10 step cycles were averaged. In some testing data, the averaged data were
obtained from less than 10 step cycles due to movement artifact in the recorded EMG signals.
The peak RMS values for the same muscle on the right and left lower limbs were averaged, and

then the total EMG activity was calculated by summing peak RMS values of all four muscles.
4.2.6. Measurement of Cardiac Autonomic Function

An electrocardiogram (ECG) acquisition system (MP160, BIOPAC Systems Inc.,
Camino Goleta, California) was used to assess cardiac autonomic function through frequency
and time analysis of HRV. The ECG signals were recorded using three disposable electrodes
placed on the participant's chest in a standard lead II configuration. The sampling rate of signal
acquisition was set at 2000 Hz, and the signal was amplified with a BIOPAC ECG100C
amplifier with a band-pass filter between 1 Hz and 35 Hz. As described in previous studies [20,
22], the ECG acquisition was conducted in a sitting position after at least 10 minutes of rest and
lasted for 5 minutes. The measurement was conducted in a quiet room with a temperature

between 22 and 24 C. During data acquisition, participants were asked to breathe normally and
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remain silent, without speaking or moving. Data collection was performed around the same time
(between 9 and 11 am) and conditions pre- and post-training. The frequency-domain and time-
domain parameters of HRV were calculated using BIOPAC AcgKnowledge 5.0 software. The
frequency-domain parameters consisted of LF power (0.04—0.15 Hz) and HF power (0.15-0.4

Hz) and LF/HF ratio. The time-domain parameters included RMSSD.
4.2.7. Lung Vital Capacity

Lung vital capacity was measured using a spirometer (Spirotel® Spirometer, MIR USA
INC.) The measurement was conducted according to the guidelines from the American Thoracic
Society/European Respiratory Society [42]. The participant sat upright on a chair with back and
arm support and received instruction on how to perform the test. The nose clips were placed on
the participant’s nose to close his/her nose. The participant was asked to insert the mouthpiece of
the spirometer inside his/her mouth and seal his/her lips around it to prevent air leakage. To
perform the test, the participant was instructed to breathe normally three times, and then inhale
and exhale maximally (i.e., to fully fill and empty their lungs during inspiration and expiration,
respectively). In addition, the participant was instructed not to flex or extend his/her neck or
trunk during the test. Three readings from three repeated tests were obtained, and the largest

reading was recorded. There was a 30-second rest between each test.
4.2.8. Muscle Spasticity for The Lower Extremities

Modified Tardieu Scale (MTS) was utilized to assess muscle spasticity for the lower
extremity (hip extensors, knee flexors and extensors, and ankle planterflexors). MTS is a reliable
clinical assessment for measuring muscle tone and joint reaction in response to passive stretch at
specified velocities, including as slow as possible (V1), falling under gravity (V2), or as fast as

possible (V3) [43]. The participants were tested in the supine position, and the level of muscle
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reaction of the lower limbs was assessed at specified speeds (V1, V3). The level of muscle
reaction was measured on a 6-point scale (0 indicated “No resistance throughout the passive
movement,” and 5 indicates “Joint immobile”). The level of muscle reactions during fast passive
movement (V3) was included in the analysis. The total score of MTS was calculated by summing

the overall score of the right and left legs.
4.2.9. Statistical Analysis

Statistical analysis was conducted using SPSS statistical software version 25 (IBM
Corporation; Armonk, New York). Due to the small number of participants and independent
variables might not be normally distributed, the Wilcoxon signed-rank test was used to examine
differences in independent variables between pre-training and post-training assessment. The
level of significance was set at 0.1 (one-tailed test). In addition, the Mann Whitney U test was
used to compare differences in changes in outcome measures between upper paraplegia (T1-T5)

and lower paraplegia (T6-L2).

The normality of residual for each factor was checked using the Shapiro-Wilk test. Since
residuals for the factors were normally distributed, the Pearson’s correlation analysis was
conducted to determine whether there was a significant correlation between the change in each
factor and the change in primary outcome measure (resting and exercise HR). The level of

significance at 0.1 (one-tailed test) due to the small sample size of this pilot study.
4.3. Results
4.3.1. Participants

A total of 15 individuals with chronic SCI volunteered to participate in the study, and 11

participants completed the study. Three participants dropped out of the study due to schedule
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conflict with work or family members (n = 2) or an adverse event not related to the study (n = 1).
One participant was excluded after the first week because he had a colostomy which might have
interfered with a harness. The characteristics of participants who completed the study are

summarized in Table 4.1.
4.3.2. Change in Resting and Exercise Heart Rate

After training, the resting and exercise HR significantly decreased from 83+10.76 to
74£8.42 beats/min (p < 0.01) and from 119.45+15.26 to 112.18+14.93 beats/min (p < 0.01),
respectively (Figure 4.3). The individual data for value in resting and exercise HR before and
after training are presented in Table 4.2. There were no significant differences in changes in
resting and exercise HR after training between participants with upper paraplegia and those with

lower paraplegia.
4.3.3. Changes in Relevant Factors

The changes in the EMG activity of leg muscles for 10 participants who completed pre-
and post-test are presented in Figure 4.4. The peak EMG activity of all four tested muscles
significantly increased after training. Overall, the total EMG activity of leg muscles significantly
increased from 69.42+13.15 uV to 118.36+£21.38 uV after training (p < 0.01). The raw EMG
signal of one muscle in a participant with motor complete SCI (ASIA grade B) before and after

training is presented in Figure 4.5.

As shown in Table 4.3, LF power significantly decreased (pre: 0.82+0.15 vs. post:
0.44+0.11; p < 0.05) and HF power of HRV significantly increased (pre: 80.73+53.86 ms? vs.

post: 100.15+57.56 ms?; p < 0.01) after training. There was a significant reduction in LF to HF
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ratio (pre: 0.82+0.15 vs. post: 0.44+0.11; p <0.01). RMSSD significantly increased from

26.05+9.36 msec to 36.03+9.73 msec (p < 0.01).

There was a significant increase in lung vital capacity after training (pre: 2.92+1.18 L vs.
post: 3.08+1.17 L; p < 0.01) (Figure 4.6). MTS scores of left hip extensors and right and left
knee flexors significantly decreased (p < 0.05) after gait training (Table 4.4). There was a
significant decrease in total MTS scores of both legs after training (pre: 5.36+1.88 vs. post: 3.27

+ 1.83; p < 0.01).

No significant differences in changes in factors after training were observed between

participants with upper paraplegia and those with lower paraplegia (Table 4.2).

4.3.4. Association Between Changes in Relevant Factors and Change in Heart Rate

Table 4.5 shows the correlations between changes in four factors and changes in resting
and exercise HR, calculated as the difference between post-training and pre-training
measurements. Strong correlations were found between the change in LF power of HRV and the
change in resting HR (r =- 0.737, p < 0.01), between the change in RMSSD of HRV and the
change in resting HR (r = - 0.6, p < 0.05), and between the change in lung vital capacity and the
change in resting HR (r = - 0.624, p < 0.05). There was a moderate correlation between the
change in HF power of HRV and the change in resting HR (r = - 0.56, p < 0.05). The correlation
between the change in the ratio of LF to HF and the change in resting HR showed a trend
towards significance (r = 0.401, p = 0.11). Only the change in EMG activity of leg muscles was

strongly correlated with the change in exercise HR (r = - 0.622, p <0.05).
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4.4. Discussion

The results of the current study showed that 8 weeks of walking training in individuals
with chronic paraplegia decreased resting and exercise HR. This finding suggests the beneficial
effects of walking training on inducing HR adaptation in individuals with either upper paraplegia
or lower paraplegia. We observed an increase in the EMG activity of leg muscles during training.
Our finding of changes in EMG activity of leg muscles generally agreed with findings from
previous studies that showed the increased EMG activity of leg muscles in individuals with SCI
after repetitive locomotor training [28-31]. The same changes were reported even in those with
the absence of supraspinal input in the case of motor complete SCI [44], which was confirmed
by our findings since the majority of our participants (8/11) had motor complete SCI. It is
suggested that sensory inputs during leg loading on a treadmill can trigger the neuromuscular
activity of leg muscles through activation of central pattern generators located within the lumbar
segment of the spinal cord [45, 46]. In the current study, we utilized a novel assistive gait
training device to help participants with forward leg stepping during treadmill walking. By
providing a minimal amount of assistance during leg stepping, this device can promote active
involvement of participants and minimize sensory disturbance [37], which may enhance the
afferent sensory input to stimulate spinal neural circuits (i.e. center pattern generators) and
promote changes in neuroplasticity of neural circuits. Consequently, the use of the training

device may improve the neuromuscular activity of leg muscles.

Our finding of the significant correlation between the increase in EMG activity of leg
muscles and decrease in exercise HR may indicate an important functionality of the increased
activity of leg muscles after the walking training in individuals with SCI. The absence or

reduction of leg muscle pump in SCI survivors due to impaired motor control and loss of muscle
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mass can lead to a decline in venous return and stroke volume. Consequently, HR increases as a
compensatory reflex mechanism to a decrease in stroke volume [17]. A few past studies
indicated that elevated HR in individuals after SCI might be reversible through exercise
interventions. More relevant studies in individuals with motor incomplete SCI examined changes
in exercise HR after 8 weeks of robotic walking training [15] or during 8 weeks of underwater
treadmill training [16]. In the study by Hoekstra et al. [15], exercise HR decreased by 7
beats/minute at the constant workload, which was similar to the decrease in exercise HR of 7.27
beats/minute observed in the current study. Stevens et al. [16] reported a significant decrease in
exercise HR over the course of 3 biweekly periods in which walking speed remained constant,
with a larger decrease in HR occurred at the biweekly period with faster walking speed. The
investigators suggested several contributing factors for the decrease in exercise HR, including a
shift in the balance of autonomic activity toward parasympathetic tone, improved aerobic
performance, and enhanced activity of leg muscle pump. A previous study also reported that
repetitive standing resulted in increased EMG activity of leg muscles and consequently improved
cardiovascular response to orthostatic stress test due to increased blood venous return to the heart
[47]. However, past studies have not explored possible correlations between the changes in
exercise HR and some of the potential contributing factors. Whether the increased EMG activity
of leg muscles during walking training can contribute significantly to exercise HR adaptation in
individuals with SCI is still unknown. The current study is the first to examine contributions of
four potential factors to HR adaptation after a walking training program in individuals with SCI,
including EMG activity of leg muscles, cardiac autonomic function, lung capacity, and spasticity
of leg muscles. We observed that the only significant correlation existed between change in

exercise HR and change in EMG activity of leg muscles. These results provide a clear indication
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that the increased neuromuscular activity of leg muscles significantly contributed to enhanced
venous return that leads to an increase in stroke volume and a decrease in exercise HR. Our
findings are clinically important in promoting the effort to improve the activity of leg muscles
during exercise for cardiovascular benefits in individuals with SCI, even those with motor

complete injury.

HR adaptation to walking exercise in individuals with SCI may present unique features
different from that in the healthy population. In able-bodied individuals, HR normally increases
during physical activity to meet metabolic requirements of the active skeletal muscle in an
intensity-dependent manner, through withdrawal of vagal tone and activation of the sympathetic
nervous system centrally, as well as peripheral mechanism involving group III and IV afference
nerves from the active skeletal muscles to deliver mechanical and metabolic feedback signals
that further increases sympathetic activity [48, 49]. After continued practice of a task such as an
endurance training, human movement becomes more skilled as shown by decreased amplitude
and duration of muscle activity [50-53], and exercise HR decreases under the same exercise
intensity [54-56]. However, in the current study we observed a significant decrease in exercise
HR and increase in leg muscle activity, as well as a significant correlation between the two
variables after the 8-week walking training. Such a unique association was most likely because
the increased activity of leg muscles enhanced leg muscle pump, venous return, and stroke
volume, and subsequently led to a decrease in exercise HR [17]. Conversely, the normal
processes that lead to the increase in sympathetic nerve activity and exercise HR due to increases
in leg muscle activities are significantly interrupted in persons with SCI. First, the disruption of
descending neural pathways impairs its regulation of sympathetic pathways to the heart, which is

often the case in SCI above the level of sympathetic outflow (i.e., T5 and above) [57, 58]. In fact,
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the increased activity of leg muscles in the current study was the result of neuroplasticity of
central pattern generators in the spinal cord, not came from supraspinal control centers. Second,
the damage to ascending neural pathways after SCI interrupts feedback signals of muscle
metaboreflex to sympathetic nerve system from group III and IV afference nerves of the
activated muscles and consequently diminish the increase in HR [59]. The same reasons may
also explain why no correlation was observed in the current study between the change in exercise

HR and changes in cardiac autonomic function as shown in HR variability measurements.

Although the modulations of cardiac autonomic function did not contribute to the change
in exercise HR, it significantly contributed to the resting HR adaptation post walking training.
Regular walking training might induce resting HR adaptation through various possible
mechanisms, including increases in cardiopulmonary fitness, stroke volume and blood volume,
decrease in peripheral arterial stiffness, modulations of the autonomic nervous system, and
improvements in lung function and cardiac ventricular function [60, 61]. Metabolic and
molecular changes in cardiac structure might also be involved in HR adaptation after exercise
[62, 63]. However, SCI above T6 can alter autonomic control of the cardiovascular system due to
loss or impairment of sympathetic supraspinal innervation [64]. Cardiac autonomic control can
be also impaired in those with injury levels at T6 or below because of a lack of mobility and a
sedentary lifestyle after injury [22]. Dysfunction of cardiac autonomic control might play a role
in a persistent elevation in HR, which is observed in many people with SCI below T5 as well as
some individuals with SCI between T1land T5 [6, 7]. Participating in regular exercise could be a
feasible option in the modulations of cardiac autonomic function in individuals with injury above
or below T5 [65]. The function of the cardiac autonomic nervous system can be non-invasively

examined through HRV in frequency-domain and time-domain analysis [66, 67]. The frequency-
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domain analysis of HRV provides information on HF power reflecting parasympathetic outflow
and LF power, which is a combination of both sympathetic and parasympathetic outflows. The
ratio of LF to HF is defined as a marker for sympathovagal balance [67, 68]. The time-domain
analysis of HRV provides information on R-R interval (beat-to-beat) variances or differences.
The RMSSD, which reflects the activity of parasympathetic tone, is the most commonly used
parameter with a short-term recording [67]. Measurements of HRV indices can provide valuable
information about the mechanisms of HR adaptation to training. In the current study, we
observed significant increases in HF power and RMSSD and a significant decrease in the ratio of
LF to HF. LF power showed a signification reduction after walking training. Both participants
with upper paraplegia and those with lower paraplegia experienced similar improvements in the
parameters of HRV after training. These findings agreed with findings from a systematic review
study that reported beneficial effects of regular exercise on cardiac autonomic function in
persons with either upper or lower SCI [65]. We also observed that the changes in LF power, HF
power, and RMSSD after walking training were significantly correlated with resting HR
adaptation. The increased parasympathetic outflow after the walking training, as shown by
increases in HF power and RMSSD of HRV, was important because it was associated with a
decrease in resting HR and, therefore, a reduction in the risk of CVD. It is still unclear in regard
to the connection between changes in LF power of HRV and cardiac sympathetic modulation
since conflicting results have been reported in the literature [69, 70]. Evidence indicated that LF
power of HRV reflects the baroreflex function, which is responsible for the regulation of blood

pressure [70, 71].

The result of the current study indicated that improved lung function might be another

important factor for the decrease in resting HR. After SCI, individuals are prone to a significant
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reduction in lung function due to paralysis of respiratory muscles as well as a sedentary lifestyle
[23]. A study showed an increase in resting HR in people with impaired lung function [72]. A
longitudinal study in middle-aged adults showed an inverse relation between resting HR and
lung vital capacity [24]. A decline in lung vital capacity with aging was associated with
increased resting HR [24]. In the current study, we found an increase in lung vital capacity by
5% following the 8-week walking training in participants with either upper or lower paraplegia.
The improvement of lung capacity after walking training in individuals with SCI can be
attributed to increased strength or activity of respiratory muscles [33]. The current study also
showed that the increased lung vital capacity after walking training was correlated with
decreased resting HR. It might be that increased strength of respiratory muscles after walking
training increased the expansion of the chest wall which could improve the lung’s capacity to
take in more oxygen into the body, resulting in more oxygenated blood [73, 74]. Thus, the
workload on the heart to deliver oxygenated blood to body tissues would decrease and therefore
resting HR decreased. Besides, it has been shown that HR is linked to respiratory rate. Decreased
respiratory rate is associated with reduced HR through its contribution to the modulations of the
autonomic nervous system [75, 76]. Although the respiratory rate was not directly measured in
the current study, it could be that the improvement in lung vital capacity after walking training
might lead to decreased respiratory rate, which resulted in increased activity of the
parasympathetic system and reduced activation of the sympathetic system and consequently

decreased resting HR [75, 77].

Results of the current study implied that changes in leg muscle spasticity did not
contribute to changes in HR after the walking training. Muscle spasticity after SCI is associated

with decreased arterial diameter and increased blood flow resistance [25], which might increase
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the load on the heart to deliver the blood to body tissues. Previous studies in individuals with SCI
or cerebral palsy showed higher HR response during gait training in individuals with a high
degree of muscle spasticity compared to those who had a low degree of muscle spasticity [13,
27]. We speculated that a decrease in spasticity of leg muscles after a course of walking training
might contribute to HR adaptation. The results of the current study, however, showed that the
change in spasticity of leg muscles after the walking training was not associated with the
decrease in resting or exercise HR. This result may be related to a fact that the majority of
participants of the study used anti-spasticity medications and showed no muscle spasticity in
most of the tested leg muscles at pre-training assessment. Thus, no benefit from walking training
could be added to reduce the degree of muscle spasticity in those participants. This may justify
why we did not notice any potential association between the change in leg muscle spasticity and

HR adaptation after training.

The current study has some limitations that need to be considered. The sample size is
relatively small. The statistical powers were less than 80% for factors that did not show
significant corrections with the primary outcome. More importantly, the small number of
participants can significantly increase the sampling bias compared to a large sample size. The
sample mean might deviate significantly from the population mean due to sampling bias, leading
to overstated conclusion. Therefore, results of this preliminary study should be only used to help
researchers in finding trends and need to be interpreted with caution. Second, we examined only
four potential contributing factors of HR adaptation to training. There might be other important
factors that may contribute to HR adaptation after walking exercise, such as changes in physical
fitness level, stroke volume, or cardiac ventricle function, etc., which were not included in the

model of the current study. Third, only individuals with paraplegia (T1-L2) were included in the
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present study. The findings may not be generalized to people with cervical injury. Finally, we did
not control for medications, such as the use of anti-spasticity medications, that might influence

the measurement of muscle spasticity.
4.5. Conclusion

The findings of the present study suggest the benefits of walking training on
cardiovascular health in individuals with chronic paraplegia, as shown by decreased resting and
exercise HR. More importantly, this study was the first step to explore potential underlying
mechanisms of improvement in the cardiovascular system, specifically the HR adaptation in
response to walking training in individuals with SCI. The preliminary results of the current study
seem to support a hypothesis that adaptive change in central pattern generators in the spinal cord
may contribute significantly to exercise HR adaptation after the walking training. In parallel or
maybe with a short time delay, improvement in cardiac autonomic function and the pulmonary
system might occur, and consequently, the resting HR adaptation takes place. In order to draw
definitive conclusion, future studies with a large sample size should confirm findings of the
current study and further examine the contributions to HR adaptation by changes in other factors,
such as physical fitness level, stroke volume, cardiac ventricular size and contractility, and

peripheral arterial stiffness, etc.
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Table 4.1: Demographic and clinical characteristics of participants who completed the study

(n=11)
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Table 4.2: Individual data of resting and exercise heart rate, EMG activity of leg muscles, HRV

parameters, lung vital capacity, and spasticity of leg muscles pre-training and post-training
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muscles, HRV parameters, lung vital capacity, and spasticity of leg muscles pre-training and post-

Table 4.2 (continued): Individual data of resting and exercise heart rate, EMG activity of leg
training
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Table 4.3: Frequency-domain and time-domain parameters of heart rate variability (n=11)

Pre-training Post-training Mean change p-value
(post - pre)
LF (ms?) 24.71+7.42 21.89+6.31 -2.81+£3.84 0.02
HF (ms?) 80.73+53.86 100.15+£57.56 19.41+£9.86 0.001
LF/HF ratio 0.82+0.15 0.44+0.11 - 0.37+0.07 0.001
RMSSD (msec) 26.05+£9.36 36.03+9.73 9.98+3.46 0.001

Values are presented in mean + standard error. LF: Low-frequency, HF: High-frequency, RMSSD: Root mean

square of successive difference.
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Table 4.4: Modified Tardieu Scale (MTS) scores at fast speed passive movement (V3) per- and

post-training (n=11)

Pre-training

Post-training

Right Left Right Left
Hip extensors 0.55+0.28 1.09 £0.28 0.27+£0.19 0.64+0.27"
Knee extensors 0.18 £0.18 0.00 £ 0.00 0.09 £ 0.09 0.00 £ 0.00
Knee flexors 0.73 £0.27 1+0.27 0.18+0.18" 0.27+0.19"
Ankle 0.91+0.61 091 +0.61 0.91+0.61 091 £0.61
dorsiflexsors
Total of each 2.36+1.01 3+1.82 1.45+£0.96 1.82+£0.92
side
Total of both 5.36 +1.88 3.27+1.83
sides

Values are presented in mean * standard error.

*significant difference compared to pre-training, p-value < 0.05 (one-tailed test)
**significant difference compared to pre-training, p-value < 0.01 (one-tailed test)
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Table 4.5: Correlations coefficient (r) between changes in resting and exercise HR and changes
in contributed factors after training

A Leg EMG ALF AHF | ALF/HF | ARMSSD | ALVC AMTS

scores
A Resting HR -0280 | -0.737" | -0.56" | 0.404 -0.6" |-0624"| 0.12
A Exercise HR | -0.622" 0.195 | -0.284 | 0.095 -0.149 | -0.211 | 0.080

EMG: Electromyography; LVC: Lung vital capacity; LF: Low-frequency power; HF: high-frequency power;
RMSSD: Root means square of successive difference; MTS: Modified Tardieu Scale.
* significant correlation, p-value < 0.1 (one-tailed test)

** significant correlation, p-value < 0.05 (one-tailed test)
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Figure 4.1: The assistive gait training device with two pulling cables operated by two therapists
on either side of the treadmill

(A) Two thigh braces which attach to fixed pulleying system in the front of the treadmill via a
cable are placed on both right and left thighs. Two physical therapists sit on the right and left
side of the treadmill and coordinate to operate the assistive device by pulling the handle attached
to the cable. (B) The physical therapists pull the handle attached to the cable to assist a patient
with hip flexion and ankle dorsiflexion during the swing phase of the gait cycle
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Figure 4.2: Measure of exercise heart rate (HR) response during a treadmill walking
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Figure 4.3: Resting and exercise heart rate (HR) at pre- and post-training (n=11)
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Figure 4.4: Average peak root mean square electromyography (EMG) activity of four leg
muscles and total EMG activity of four leg muscles pre- and post-training (n=10)
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Figure 4.5: The raw electromyography (EMG) signal of right gastrocnemius medialis (GM) over
5 steps in participant with motor complete SCI (ASIA grade B) before (A) and after (B) 8-week
of walking training
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Figure 4.6: The mean and SD of lung vital capacity pre- and post-training (n=11)
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Chapter 5: The Effects of Walking Training on Cardiovascular Risk Markers in People

with Chronic Spinal Cord Injury
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Abstract

Background: Due to loss or impairment of motor function, individuals with spinal cord injury
(SCI) are usually inactive. Reduced physical activity after SCI plays a major role in increased
risk factors of cardiovascular disease (CVD) such as diabetes, dyslipidemia, and elevated levels
of inflammatory markers which consequently increases the risk of CVD. Although past studies
have focused on examining the effects of walking training on motor function, promising results
showed regular walking training helped to improve cardiovascular health in SC survivors.
However, limited studies have examined the effect of walking training on cardiovascular risk

markers among people with SCI.

Purpose: This study aimed to investigate the effects of an 8-week walking training program on

glycemic control, lipid profile, and pro-inflammatory markers in individuals with chronic SCI.

Participants: A total of 11 individuals (age 38.09+10.31 years, 8 males, 3 females, 3 motor
incomplete, 8 motor complete, injury level T2-L1, injury duration 8.72+10.40 years) with

chronic SCI completed training sessions and pre-training and post-training assessments.

Methods: All participants went through a walking training program using a treadmill, a body
weight-supported system, and an assistive gait training device for 3 sessions per week for 8
weeks, a total of 24 training sessions. We assessed concentrations of hemoglobin Alc (HbAlc),
high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), C-

reactive protein (CRP), and interleukin-6 (IL-6) before and after training.

Results: Following training, there was a significant decrease in HbAlc levels from 5.83 to 5.45%
(p <0.01). Lipid profile improved after training, as shown by a significant increase in HDL-C

concentrations (pre: 47.49+19.27 mg/dl vs. post: 64.51+14.81 mg/dl; p <0.01) and a significant
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decrease in LDL-C concentrations (pre: 81.35+8.61 mg/dl vs. post: 76.84+13.14 mg/dl; p <0.1).
The ratio of LDL-C to HDL-C was significantly reduced by 0.93 units (p < 0.01). In regard to
pro-inflammatory markers, concentrations of IL-6 showed a significant reduction from
1.71+0.76 to 1.50+0.70 pg/ml after training (p = 0.05), while concentrations of CPR showed a

trend to decrease from 5.51£3.83 to 4.7143.59 mg/1 (p = 0.13).

Conclusion: The findings of this pilot study suggest that the 8-week walking training program
produced positive changes in cardiovascular risk markers in individuals with chronic SCI by
reducing levels of Hb1Ac, LDL-C, IL-6 as well as increasing levels of HDL-C. A future
randomized controlled trial is needed to fully examine the effects of walking training on those

outcome measures.

Keywords: Spinal cord injury, lipid profile; glycemic control; inflammatory markers; walking

training
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5.1. Introduction

Cardiovascular disease (CVD) is the primary cause of mortality among people living with
spinal cord injury (SCI) [1, 2]. Previous studies reported a high prevalence of CVD and death
from CVD among the SCI population compared to the able-bodied population [2-4]. It has been
estimated that the prevalence rate of CVD is significantly higher in people with SCI (30-50%)
than able-bodied people (5-10%) [3]. Another study showed that individuals with SCI have a 3-
fold increased risk of heart disease and a 4-fold increased risk of stroke compared to those
without SCI [4]. In terms of death from CVD, a cohort study that followed individuals with SCI
for five years after discharge from inpatient rehabilitation found that 37% of individuals died due

to cardiovascular causes [2].

Physical inactivity is one of the major factors for increased cardiovascular risk factors in
the general population and consequently increases the risk of CVD [5-7]. Due to loss or
limitation of motor function after injury, people with SCI are usually physically inactive [3], and
around 50% of them do not meet recommended levels of physical activity for people with
disabilities [8, 9]. Previous studies reported high rates of dyslipidemia, abnormal glycemic
control, and elevated levels of pro-inflammatory markers in people with SCI [10, 11]. A study
showed that individuals with chronic SCI had higher levels of total cholesterol (TC) and low-
density lipoprotein cholesterol (LDL-C) and lower levels of high-density lipoprotein cholesterol
(HDL-C) compared to age-matched able-bodied individuals [10]. A meta-analysis found lower
levels of HDL-C and a higher ratio of TC/HDL-C in individuals with SCI as compared to able-
bodied individuals [11]. The rate of type 2 diabetes has been estimated to be 2 to 3 times higher
in individuals with SCI than in able-bodied individuals, with a prevalence of 13-22% in

individuals with SCI compared to 6% in able-bodied individuals [12, 13]. In regard to pro-
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inflammatory markers, studies also showed higher concentrations of C-reactive protein (CRP)
and interleukin 6 (IL-6) in individuals with chronic SCI in comparison with age-matched able-
bodied individuals [14-16]. Studies in individuals with chronic SCI reported a mean CRP level
of 3 to 3.37 mg/l, which falls into the high-risk category of CVD [14, 17]. Chronic low-grade
inflammation, defined as CRP concentrations within 3-10 mg/I [18], is associated with an
increased risk of CVD [19-21]. Alterations in body composition as well as lack of physical
activity after injury could lead to an increase in the risk factors of CVD. Thus, high rates of CVD

risk factors among SCI survivors may contribute to the increased development of CVD.

Participating in regular exercise is necessary to prevent or reduce risk factors of CVD
after SCI. For cardiometabolic health benefits, a recent guideline suggested that adults with SCI
should engage in 30 minutes of moderate to vigorous intensity aerobic exercises 3 times per
week [22]. Exercise using arm cycling or functional electrical stimulation (FES)-leg cycling has
been utilized to improve cardiovascular health in the SCI population. Systematic review studies
reported that exercise using these exercise modalities showed inconsistent and inconclusive
results on carbohydrate and lipid metabolism in SCI survivors [23, 24]. In addition, several
limitations have been reported in the literature regarding the use of those exercise modalities.
Arm cycling targets only upper limb muscles, which does not provide sufficient challenge to the
cardiovascular system [25, 26]. FES-leg cycling is limited as patients often report muscle fatigue
due to frequent stimulation [27-29] and might aggravate the symptoms of autonomic dysreflexia,
particularly in those with SCI above T6 [30]. Both arm cycling and FES-leg cycling exercises are
performed in a sitting position, which may not provide sufficient stress to the cardiovascular

system.
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As an alternative, upright walking training, using body weight-supported treadmill
training (BWSTT), is widely used as a rehabilitation intervention for people with SCI. Although
most studies have focused on examining the effects of walking training on measurements of
motor function, some preliminary results showed that BWSTT helped to improve cardiovascular
function and reduced risk factors of CVD in individuals with incomplete or complete SCI [25,
27, 31-34]. Compared to exercise in a sitting position, upright walking training can trigger the
activity of larger muscles in the body, including leg and trunk muscles, through activation of
center pattern generators located within the spinal cord [35-37] and provide a greater challenge
to the cardiovascular system which can induce significant adaptive changes in the central and
peripheral cardiovascular system [38, 39]. In regard to changes in risk markers of CVD, a study
reported that a course of BWSTT, in individuals with motor incomplete SCI, significantly
reduced concentrations of glucose and insulin [33]. Similarly, the same training load
significantly decreased levels of TC and LDL-C, and TC/HDL-C ratio and significantly
increased levels of HDL-C in individuals with motor incomplete SCI [34]. However, these
studies had some limitations, including small sample size and inclusion of only motor incomplete
SCI. Therefore, the generalization of the findings is limited to individuals with motor incomplete
SCI. Furthermore, two recent studies found that individuals with chronic SCI who were
wheelchair users had a higher level of pro-inflammatory markers (i.e., CRP) than those who
could walk with assistive devices or independently [40, 41]. To the best of our knowledge,
limited studies have examined the effects of walking training on glycemic control, lipid profile
and levels of pro-inflammatory markers in individuals with SCI, particularly in those with motor

complete SCI.
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Therefore, the purpose of this study was to investigate the effects of an 8-week walking
training program on glycemic control, lipid profile, and the levels of pro-inflammatory markers
in individuals with chronic SCI, including those with motor complete SCI. We hypothesized that
the 8-week walking training program would 1) decrease the levels of glycated hemoglobin

(HbAlc) and LDL-C, 2) increase the levels of HDL-C, and 3) reduce the levels of CRP and IL-6.
5.2. Methods
5.2.1. Participants

Participants were primarily recruited from the Spine Center Clinical at the University of
Kansas Hospital. In addition, the contact information of patients with SCI who were admitted to
the University of Kansas Hospital and agreed to be contacted for research studies was obtained
through the Healthcare Enterprise Repository for the Ontological Narration database at the
University of Kansas Medical Center. Study flyers were also distributed in outpatient
rehabilitation centers and SCI support groups in the Kansas City area. A member of the study
teams conducted potential participants to determine their eligibility to participate in the study.
Inclusion criteria for participants were as follows: 1) age between 18 and 60 years; 2) had
paraplegia (T1-L2); 3) onset of SCI at least one year prior to starting the study; 4) scored less
than 5 in Functional Independence Measure, Locomotion: Walk; 5) not participating in any other
similar gait training activities; and 6) had medical approval from their physician to participate in
walking training. Participants were excluded from participating in the study if they had one of
following conditions: 1) major CVD such as heart disease; 2) any other neurological diseases
such as stroke, multiple sclerosis or Parkinson’s disease, etc.; 3) severe orthopedic issues such as
joint stiffness and fractures; 4) muscle spasticity greater than 3 according to Ashworth scale; 5)

severe osteoporosis, 5) current inflammatory diseases or infections; 6) recent open wound or
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pressure ulcer; 7) pregnant women; 8) cognitive or psychiatric disorders; or 9) uncontrolled
autonomic dysreflexia. Eligible participants were given written, informed consent prior to
participating in the study. This study was approved by the institutional review board of the
University of Kansas Medical Center, Kansas City. The participant’s level, severity, and

classification of injury were obtained through his/her medical records.
5.2.2. Study Design

This study was a pilot, single group, pretest-posttest study design. All participants went
through an 8-week walking training using a body weight support system, a treadmill, and an
assistive gait device. Outcome measures listed below were assessed at baseline (pre-training) and

after completing the 8weeks of training (post-training).
5.2.3. Walking Training Protocol

Participants completed 3 sessions a week of BWSTT implemented with an assistive gait
training device for 8 weeks, a total of 24 sessions. The duration of each training session lasted 30
minutes (2 bouts of 15 minutes). During walking training, the participant wore a harness that was
attached to an overhead motorized lift to provide body weight support (BWS) and to prevent the
risk of falling. At the initial sessions, 60-40% of the participant’s body weight was supported
based on his/her tolerance. Later, the BWS was decreased by 5% at each week as tolerated by
the participant without knee buckling. However, if the participant was unable to tolerate new
BWS or showed knee buckling or toes dragging, the BWS was increased by 5%. The amount of
BWS was determined using a digital scale attached to the overhead motorized lift. This training
protocol has been used and described in past studies [42-44]. A novel assistive gait training
device developed in our laboratory was utilized to assist the participant with forward leg stepping

during walking on the treadmill [45]. Two thigh braces were placed onto the right and left thighs
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of the participant and secured using straps. These braces were attached to a pulley system via a
pulling cable (Figure 5.1). Two therapists coordinately operated the assistive gait training device
by pulling the cable to assist the participant with hip flexion and ankle dorsiflexion during the
swing phase of a gait cycle. The participant was encouraged to actively move his/her legs
throughout training. At the beginning of training, the initial treadmill speed was set at 0.5
miles/hour. The participant walked at 0.5 miles/hour for 2 minutes to warm up. Subsequently, the
treadmill speed was gradually increased until participant’s heart rate (HR) reached 40-59% of
his/her HR reserve as recommended by the American College of Sports Medicine guidelines
[46]. The target zone of HR reserve was determined using the Karvonen formula = (maximum
HR — resting HR) X target intensity % + resting HR. Maximum HR was determined using the
age-predicted maximal HR (220 — participant’s age) [47]. In addition, the participant rated
his/her level of exertion in the middle of training and by the end of training using the Borg
Rating of Perceived Exertion Scale (RPE) 6-20. The participant was allowed to take 3 to 5
minutes rest after 15+5 minutes of training. The participant was able to request rest at any time
when needed. At the end of the training, participants walked at slow speed (0.5 miles/hour) for 2
minutes to cool down. To ensure the safety during training, we monitored participant’s HR
throughout the training using a polar OH1 optical HR sensor (Polar Electro Inc., New York)
and recorded blood pressure before the training, between each training bout, and at the
end of the training session. Participant’s HR was monitored to ensure that it did not
exceed 85% of the age-predicated maximum HR. Participant’s systolic and diastolic blood
pressure was monitored to ensure that it was maintained below 220 mm Hg and 110 mm Hg,

respectively. A walking training log for each participant was used to record the duration of a
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training session, treadmill speed, percentage of BWS, HR, blood pressure, and PRE during each

training session.

5.2.4. Glycated Hemoglobin Alc (HbAlc)

According to the American Diabetes Association and World Health Organization
recommendation, HbAlc has been used as a tool to diagnose diabetes because it reflects the
average glucose levels over the life of the red blood cell (around 1 to 3 months) [48, 49]. We
collected a small drop of blood (5 microliters) from the middle finger of the right hand and
immediately analyzed it using an A1CNow+ System kit (Test Medical Symptoms at Home, Inc.,
Maria Stein, OH, USA). Studies showed that the AICNow+ System test is strongly correlated

with reference methods using a venous blood sample test [50].

5.2.5. Lipid Profile and Pro-inflammatory Markers

Blood samples were collected in the morning (between 8-11 am) from each participant
after 12-hour overnight fasting (i.e., no eating, drinking except water, and smoking for at least 12
hours before blood drawing). Participants were also instructed to restrain from physical activity
for at least 12 hours before the blood draw. Also, participants were asked not to take any
medication 9 hours before measurements unless it is necessary. About 20 ml of blood samples
was collected from an antecubital vein into a tube. Blood samples were allowed to clot for 30
minutes and then centrifuged at 1,800 g for 10 min at room temperature. Subsequently, serum
was separated from the blood cells, and then serum specimens were transferred to plastic tubes
which were stored in a freezer at —80°C until analysis. We assessed serum concentrations of
LDL-C and HDL-C using an LDL-C Assay kit (Crystal Chem, USA, catalog no 80069) and
HDL-C Assay kit (Crystal Chem, USA, catalog no. 80059), respectively. For pro-inflammatory

markers, serum concentrations of CRP were assessed using a high sensitivity enzyme-linked
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immunosorbent assay kit (Crystal Chem, USA, catalog no. 80955). To determine serum
concentrations of IL-6, the analysis was performed at Eve Technologies using the Bio-Plex™
200 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and a Milliplex Human High

Sensitivity T-Cell panel (Millipore, St. Charles, MO, USA) according to their protocol [51].

5.2.6. Statistical Analysis

All statistical analyses were conducted using SPSS version 25 (IBM Corporation;
Armonk, New York). The Wilcoxon signed-rank test (one-tailed test) was conducted to examine
differences in outcome variables between pre- and post-training because the sample size of the
study was small, and data of independent variables was not normally distributed. With the
exploratory purpose, we used the Mann-Whitney U test to examine differences in changes in
outcome variable after training between two subgroups based on level of injury (upper
paraplegia vs. lower paraplegia) and its severity (motor incomplete vs. motor complete). In all
cases, a p-value of less than 0.1 was considered significant due to the small sample size of this

pilot study

5.3. Results

5.3.1. Participants

A total of 15 participants enrolled in the study. Out of those, 11 participants (age
38.09+10.31 years, 8 males, 3 females, 3 motor incomplete, 8 motor complete, injury level T2-
L1, injury duration 8.72+10.40 years) completed the training sessions and pre-training and post-
training assessments. All participants utilized a wheelchair as a primary mode of mobility. The
participants’ demographics and clinical characteristics are presented in Table 5.1. Three

participants dropped from the study. Of these, one participant dropped out after 4 weeks of
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training because of an adverse event not related to the study. The other two participants dropped
after 3 weeks of training due to demands of work or family schedule. One participant was
excluded in the first week of training because he had a colostomy tube which interfered with the

harness.
5.3.2. Changes in The Levels of Cardiovascular Risk Markers

Table 5.2 shows the levels of HbAlc, HDL-C, LDL-C, CRP, and IL-6 based on
individual data and group mean (SD) before and after training. The overall mean levels of
HbAlc, HDL-C, LDL-C, CRP, and IL-6 before and after training are summarized in Table 5.3.
After the training, HbAlc significantly decreased from 5.83 to 5.45% (p < 0.01). The levels of
HDL-C significantly increased from 47.49 mg/dl to 64.51 mg/dl (p < 0.01) while the levels of
LDL-C significantly decreased from 81.35 mg/dl to 76.84 mg/dl (p <0.1). The ratio of LDL-C to
HDL-C was significantly decreased from 2.16 to 1.23 after training (p < 0.01). In regard to
changes in levels of pro-inflammatory markers following the training, there were significant
reductions in the levels of IL-6 (pre: 1.71 pg/ml vs. post: 1.50 pg/ml; p =0.05), but the levels of

CRP showed a trend toward a significant reduction (pre: 5.51 mg/l vs. 4.71 mg/l; p = 0.12).

Based on the injury level sub-analysis, there were no significant differences in changes in
the levels of cardiovascular risk markers after training between participants with upper
paraplegia (T1-T5) and those with lower paraplegia (T6-L2), except for levels of LDL-C. The
change in levels of LDL-C was significantly greater in participants with upper paraplegia than
those with lower paraplegia (p <0.04). In respect to injury severity sub-analysis, no significant
differences were observed in changes in levels of cardiovascular risk markers after training
between participants with motor incomplete SCI (grade C and D) and those with motor complete

(grade A and B).
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5.4. Discussion

The findings of this study demonstrated that a walking training program, 3 times per
week for 8 weeks, significantly decreased levels of HbAlc, LDL-C, and IL-6 and significantly
increased levels of HDL-C in wheelchair-dependent individuals with chronic motor incomplete
or motor complete SCI. These improvements in glycemic control and lipid profile agree well
with previous walking training studies involving persons with motor incomplete SCI [33, 34]. In
addition, the findings of the study showed that both participants with upper paraplegia and those
with lower paraplegia experienced similar improvements in the risk markers of CVD after
training. Similar improvements were observed in participants with incomplete SCI and those
with complete SCI. No significant differences in changes in outcome measures after training
were observed between two groups after training. These findings suggest that regular walking
training could induce cardiovascular benefits in individuals with either upper paraplegia or lower

paraplegia and those with either incomplete or complete SCI.

In this study, we observed a significant decrease in concentrations of blood glucose as
determined by the HbA1c test, which presents the average levels of blood glucose for the past 1-
3 months [48]. Levels of HbAlc decreased by 6.67% after training. Our finding is in accordance
with a study by Philips et al. [33] who reported a significant decrease in concentrations of blood
glucose, as tested by oral glucose tolerance test, in individuals with motor incomplete SCI
following walking training. Past studies also showed a course of walking training significantly
increased leg lean mass and the activity of leg muscles in individuals with motor incomplete or
motor complete SCI [52-55]. The increased lean mass and activity of muscles after walking
training might improve glucose utilization by muscle tissues and reduce the risk of type 2

diabetes. Although underlying mechanisms involved in the decreased levels of Hb1Ac as a result
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of walking training were not examined in the current study, several possible explanations have
been proposed. Past evidence has suggested that increases in glucose storage capacity, glucose
utilization by muscle tissues (including increases in levels of glucose phosphorylating and
oxidizing enzyme, glucose transporter proteins (GLUT-4)), leg lean mass, and the activity of leg
muscles as well as the shifts of muscle fibers toward more oxidative muscle fiber type (type I
and Ila) after walking training in individuals with SCI might be involved in the regulation of
blood glucose [56]. Similar mechanisms might be responsible for the decreased levels of HbAlc

observed in the current study.

Abnormal lipid profile is observed in a large number of individuals with chronic SCI,
mainly as a consequence of a sedentary lifestyle after injury [57-59]. In particular, the low level
of HDL-C was found to be more common among SCI survivors [11]. Evidence demonstrated
that physically active individuals with SCI had favorable lipid profiles compared to those
physically inactive [14, 60-62], indicating the importance of the regular physical activity. In the
current study, we found an increase in levels of HDL-C by 35% and a decrease in levels of LDL-
C by 7% as a result of the 8 weeks of walking training. The ratio of LDL-C to HDL-C reduced
by 0.93, which is associated with a decrease in the risk of CVD [63]. Similar to our findings,
Stewart et al. [34] reported an increase in levels of HDL-C by 11% and a reduction in levels of
LDL-C by 13% in persons with motor incomplete SCI (ASIA grade C) following 6-month of
walking training. The results of the current study and the study by Stewart et al. indicate that
regular walking training can be an effective stimulus in improving lipid profile in individuals
with either motor incomplete or motor complete SCI. The underlying mechanisms of

improvement in lipid profile in individuals with SCI after exercise are still unknown. It might be
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related to increased cholesterol transport, vascular wall lipoprotein lipase activity, and
cholesterol metabolism in the liver as a result of training [64].

Chronic low-grade inflammation is associated with an increase in the risk of CVD.[19-
21] Elevated levels of inflammatory markers are common in individuals with chronic SCI due to
a sedentary lifestyle and changes in body composition (i.e., increased fat mass and decreased
lean mass) after injury [14, 15, 17]. Higher levels of CRP and IL6 were observed in physically
inactive individuals with SCI compared to those who were physically active [65]. Around 50%
of the participants in the current study showed, at baseline assessment, elevated concentrations of
resting inflammatory markers (CRP > 3 mg/l and IL-6 > 2 pg/ml). The walking training
significantly decreased the levels of IL-6 and showed a trend to reduce levels of CRP in the
study participants as the result of the walking training. The current study is the first to report an
improvement in levels of pro-inflammatory markers in individuals with SCI following a walking
training program. Our findings are in agreement with past studies that reported improvements in
the levels of pro-inflammatory markers following a course of exercise in people with SCI.
Griffin et al.[66] reported that following a 10-week FES leg cycling exercise, in individuals with
motor incomplete or motor complete SCI, the levels of CRP and IL-6 decreased by 18% and
22%, respectively. Bakkum et al. [67] showed that a 16-week arm cycling or hybrid cycling
exercise, in individuals with motor incomplete or motor complete SCI, reduced the levels of CRP
and IL-6 by about 16% and 25%, respectively. In addition, past studies showed that individuals
with SCI who were able to walk independently or with assistive devices had lower CRP levels
compared to those who were a wheelchair user [40]. The findings of the present study indicated
that walking training in wheelchair-dependent participants with SCI might reduce the levels of

pro-inflammatory markers. Furthermore, increased deposits of adipose tissues after SCI

148



contribute to increased secretions of pro-inflammatory cytokines such as IL-6, resulting in
inducing productions of CRP in the liver [41, 68]. In the current study, we observed a significant
positive correlation (r = 0.604, p < 0.05) between the change in the levels of IL-6 and the change
in the levels CRP after the walking training, which may imply that the decreased levels of IL-6
lead to reduce the levels CRP. However, the underlying mechanisms of changes in
concentrations of pro-inflammatory markers after exercise in people with SCI are still unclear

and warranted further investigations.

The current study had some limitations need to be considered. First, the small sample size
and absence of a control group may limit the generalization of the results [33, 34]. As the result,
the findings of the study are inconclusive and need to be interpreted with caution. The current
study should be considered a pilot study. Second, we included only individuals with paraplegia
(T1-L2). Thus, the findings of this study might not be generalized to the SCI population,
particularly those with a cervical SCI. Third, a lack of follow-up assessment was another
limitation in the study. We did not include determining how long these positive changes induced
by walking training would be maintained. Finally, we did not have control over covariates, such
as physical activity, diet, medications, and health conditions (e.g., urinary tract or respiratory
infections), that might have influenced the levels of blood markers. However, participants filled
out daily activity log during the study period and reported no changes in their physical activity.
Also, participants reported no changes in their medication lists, diet habits, and health conditions

throughout the study periods.

5.5. Conclusion

The findings of this study suggested that an 8-week walking training program might

improve cardiovascular risk markers in individuals with chronic SCI, as shown by decreases in
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the levels of Hb1Ac, LDL-C, and IL-6 and an increase in the levels of HDL-C. These
improvements in cardiovascular risk markers observed after walking training are important in
reducing the risk of CVD. A future randomized clinical trial is needed to determine which
exercise modalities (upper extremity vs. walking exercise) will be more effective in changing the

risk markers of CVD in SCI survivors.
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The individual data of levels of cardiovascular risk markers before (pre) and after

(post) completing walking training (n=11)

Table 5.2
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Table 5.3: The overall mean levels of cardiovascular risk markers before and after walking
training (n=11)

Pre-training | Post-training | Change (Post- | p-value
Pre)

HbAlc (%) 5.83+0.73 5.45+0.64 - 0.38+0.2 0.002

HDL-C (mg/dl) | 47.49+19.27 | 64.51+14.81 17.02+12.61 0.002

LDL-C (mg/dl) 81.35+8.61 76.84+13.14 -4.51£9.25 0.09

LDL/HDL 2.16x1.43 1.23+0.32 0.93+1.14 | 0.001
CRP (mg/]) 5.51+3.83 4.7143.59 - 0.842.36 0.13
IL-6 (pg/ml) 1.7120.76 1.50+0.70 | -0.21+0.38 | 0.05

Values are presented in mean + standard deviation.
HbAIc: Hemoglobin Alc; HDL-C: High density lipoprotein cholesterol; LDL-C: Low density lipoprotein
cholesterol; CRP: C-reactive protein; IL-6: Interleukin-6
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Figure 5.1: The assistive gait training device with two pulling cables operated by two therapists
on either side of the treadmill

(A) Two thigh braces which attach to fixed pulleying system in the front of the treadmill via a
cable are placed on both right and left thighs. Two physical therapists sit on the right and left
side of the treadmill and coordinate to operate the assistive device by pulling the handle attached
to the cable. (B) The physical therapists pull the handle attached to the cable to assist a patient
with hip flexion and ankle dorsiflexion during the swing phase of the gait cycle
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Chapter 6: Summary of Findings and Conclusion
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6.1. Summary of Findings

The current dissertation project investigated the feasibility of an 8-week walking training
program using a novel assistive gait training device and its benefits on cardiovascular health in
individuals with chronic spinal cord injury (SCI). The design of this project was a pilot, single
group, pretest-posttest trial. All participants who were enrolled in the study received 3 sessions a
week of walking training for 8 weeks. A total of 11 participants completed the training program
and the pre-training and post-training assessments. The findings of the project are described in
the following. The results of this project are not conclusive due to several limitations, which are
discussed in the next section.

In the study for specific aim#1, we examined the feasibility (recruitment, retention,
compliance, walking performance, and participants’ perception) of an 8-week walking training
program in individuals with chronic SCI. We screened 55 participants for eligibility and
identified 36 candidates who met the eligibility criteria of the study. A total of 15 participants
agreed to enroll in the study among those who met the eligibility criteria of the study. The
recruitment rate (27.2%) was acceptable. At the end of the study, 11 participants completed the
training program, and the pre-training and post-training assessment. However, 3 participants
withdrew from the study due to demands of work or family schedule (n = 2) and an adverse
event not related to the study (n = 1). One participant was excluded from the study because he
had a colostomy, which might have interfered with wearing the safety harness. The overall
compliance rate of the participants who completed the study was 96.24+6.5%. Throughout the
period of training, all participants were able to progress in their walking performance in term of
the increased treadmill speed from 0.76+0.10 to 1.28+0.14 miles/hour, walking distance from

0.21£0.07 to 0.62+0.08 miles, duration of training from 16.27+4.33 to 29.36+0.92 minutes as
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well as the reduced percentage of body weight support from 54.55£10.59% to 35.91+11.36%.
Based on the responses of the participants to the end intervention questionnaire, the majority of
participants showed acceptance and satisfaction with the walking training program as well as the
assistive gait training device. No serious issues or concerns were raised from participants
regarding the walking training program as well as the assistive gait training device used during
the training.

In the study for specific aim#2, we examined correlations between changes in four
potential factors (muscle activity, autonomic function, lung capacity, and muscle spasticity) and
changes in resting and exercise heart rate (HR) after walking training program in individuals
with chronic SCI. We hypothesized that decreases in resting and exercise HR after the walking
training program would show significant correlations with increased leg muscle activity, which
would be stronger than their correlations with changes in cardiac autonomic function, leg muscle
spasticity, or vital lung capacity. The results of the current study showed that the change in
exercise HR was significantly correlated with only the change in activities of leg muscles (r = -
0.622, p <0.05). The change in resting HR was significantly correlated with the change in low-
frequency (LF) power of heart rate variability (HRV) (r =-0.737, p <0.01), change in root mean
square of the successive differences (RMSSD) of HRV (r = - 0.6, p < 0.05), and change in vital
lung capacity (r = - 0.624, p < 0.05). There were moderate correlations between the change in
high-frequency power of HRV and change in resting HR (r = - 0.56, p < 0.05). A novel finding
of the current study is that the increase in activities of leg muscles after our walking training may
contribute significantly to exercise HR adaptation, which is a clear indication of an improved
heart stroke volume due to the increased venous return. This finding is clinically important

because it points to a great potential for improvement in cardiovascular function by walking
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training that can increase leg muscle activity during training in individuals with SCI. In addition,
the increase in cardiac parasympathetic activity (i.e., HF and RMSSD) and improvement in lung
capacity were observed after the walking training. Changes in those factors following training
contributed significantly to resting HR adaptation. Taken together, the walking training led to
HR adaptation in the participants of the current study, which is an important indication of a
decrease in risks of CVD.

In the study for specific aim#3, we investigated the effects of the 8-week walking training
program on glycemic control, lipid profile, and the levels of pro-inflammatory markers in
individuals with chronic SCI. We hypothesized that the 8-week walking training would decrease
the levels of glycated hemoglobin (HbA1c) and low-density lipoprotein cholesterol (LDL-C),
increase the levels of high-density lipoprotein cholesterol (HDL-C) and reduce the levels of C-
reactive protein (CRP) and interleukin-6 (IL-6). Following training, there was a significant
decrease in the levels of HbAlc from 5.83 to 5.45 % (p < 0.01). Lipid profile improved after
training, as shown by a significant increase in levels of HDL-C (pre: 47.49+19.27 mg/dl vs. post:
64.51£14.81 mg/dl; p <0.01) and a significant decrease in levels of LDL-C (pre: 81.35+8.61
mg/dl vs. post: 76.84+13.14 mg/dl; p <0.1). Also, the ratio of LDL-C to HDL-C was
significantly reduced by 0.93 (p < 0.01). In regard to changes in levels of pro-inflammatory
markers, the levels of IL-6 showed a significant reduction from 1.71+0.76 to 1.50+0.70 pg/ml
after training (p = 0.05), while levels of CPR showed a trend toward a decrease from 5.51+3.83
to 4.71£3.59 mg/1 (p = 0.13). The improvements of cardiovascular risk markers following the
walking training, as mentioned above, are important in reducing the risk of CVD and potentially
lowering the cost of healthcare for treating secondary complications, such as cardiovascular

events, after SCIL.
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6.2. Limitations

This dissertation project has some limitations that need to be considered. First, the results
of this study need to be interpreted with caution because of a small sample size, lack of a control
group and long-term follow up assessments, and participants with mixed levels of SCI lesion
(T1-TS5 vs. below T5) or severity (motor incomplete, motor compete, or sensory complete). The
small sample size might influence the study power to detect significant correlations between
changes in some factors and changes in exercise or resting HR (aim#2) and to detect significant
changes in some variables (aim#3). Also, the small sample size could increase the risk of
sampling bias and influence the results of the study. This study included a single-arm group
without a control group which might threaten internal validity and increase the risk of bias.
However, this dissertation was a pilot project to gather data for preparing a future trial. We hope
that the data from this dissertation project can be used in designing a future clinical trial. Second,
we studied the contributions of four potential factors to resting and exercise HR after training
(aim#3). There are many other contributing factors for HR adaptation, such as changes in
physical fitness level, stroke volume, or cardiac ventricle function, etc., that were not included in
the model of this dissertation project. In addition, causality relationships between changes in
factors and changes in the primary outcome cannot be determined due to the nature of the
correlational study. Third, we focused on individuals with paraplegia T1-L2. Thus, the findings
of this study might not be generalized to all SCI population, such as those with a cervical injury
(i.e., quadriplegia). Fourth, we did not perform follow-up assessments to determine the long-term
effects of walking training on outcome measures in individuals with chronic SCI. We did not
know how long these positive changes induced by walking training could be maintained. Finally,

we did not have control over some potential covariates, including physical activity, diet, and
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medications. However, participants reported no changes in those variables throughout the study

period.

6.3. Future Directions

The current study tested only participants’ perceptions to the use of the assistive gait
training device. It failed to include an evaluation of physical therapists’ perception to the use of
the training device. A future study is needed to evaluate physical therapists’ satisfaction with the
use of the assistive gait training device in comparison to manual assistance provided by
therapists during treadmill walking training.

Although the findings of the current study showed significant correlations between the
change in the outcome (resting and exercise HR) and changes in some potential factors following
walking training, the interpretation of the results needs to be cautious due to the small sample
size. Future trials with a large sample size should confirm findings of the current study and
further examine the contribution of changes in other factors, such as stroke volume, cardiac
ventricle function, peripheral arterial stiffness, and cardiopulmonary fitness, etc. to resting and
exercise HR adaptation after walking training.

The current study used a single group design without a control group or follow-up
assessment. A future randomized-clinical trial with an additional control arm (e.g. a standard
care group without any additional intervention) and follow-up assessment is needed to
investigate the effects of walking training on cardiovascular risk factors in individuals with SCI.
Also, future research might consider determining the effects of walking training on
cardiovascular risk factors in comparison to other exercise modalities, such as arm ergometer

cycling exercise, in SCI survivors.
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The current study was conducted at one site. A multi-site study might need to be
considered for a future trial in order to overcome the difficulty in recruiting study participants

with SCI.
6.4. Potential Clinical Relevance

The findings of this dissertation project might help clinicians to understand potential
factors that contribute to HR adaptation in individuals with SCI after a course of walking training
and might also guide their efforts to focus on improving those factors in order to reduce elevated
HR among SCI survivors. In addition, the findings of this dissertation project would help to
guide clinical practice in rehabilitation for patients with SCI to prevent or reduce secondary

complications following injury, including cardiovascular risk factors.
6.5. Conclusion

The findings of this dissertation project provide insight about the feasibility of an 8-week
walking training program as well as using our novel assistive training device in individuals with
chronic SCI. In addition, resting and exercise HR decreased in individuals with chronic SCI after
8-week of walking training. As potential factors contributed to HR adaptation after training, the
increased neuromuscular activity of leg muscles was a significant contributor to exercise HR
adaptation, while the modulations of cardiac autonomic function and improvement of lung
function after training were significant contributors to resting HR adaptation. Besides, positive
changes in risk markers of cardiovascular disease were observed in individuals with chronic SCI

following 8-week of walking training.
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Appendices

Appendix 1

Modified Downs and Black checklist for the assessment of the methodological quality of studies

Item | Criteria | Possible answers
Reporting
1 Is the hypothesis/aim/objective of the study clearly described? Yes=1
No=0
2 Are the main outcomes to be measured clearly described in the Introduction or | Yes =1
Methods section? No=0
3 Are the characteristics of the patients included in the study clearly described? Yes=1
No=0
4 Are the interventions of interest clearly described? Yes=1
No=0
5 Are the distributions of principal confounders in each group of subjects to be Yes=2
compared clearly described? Partially = 1
No=0
6 Are the main findings of the study clearly described? Yes=1
No=0
7 Does the study provide estimates of the random variability in the data for the Yes=1
main outcomes? No=0
8 Have all important adverse events that may be a consequence of the Yes=1
intervention been reported? No=0
9 Have the characteristics of patients lost to follow-up been described? Yes=1
No=0
10 Have actual probability values been reported (eg, 0.035 rather than <0.05) for | Yes=1
the main outcomes except where the probability value is less than 0.001? No =0
External validity
11 Were the subjects asked to participate in the study representative of the entire Yes=1
population from which they were recruited? No=0
Unable to determine = 0
12 Were those subjects who were prepared to participate representative of the Yes=1
entire population from which they were recruited? No =0
Unable to determine = 0
13 Were the staff, places, and facilities where the patients were treated Yes=1
representative of the treatment the majority of patients receive? No=0

Unable to determine = 0

Internal validity - bias

14 | Was an attempt made to blind study subjects to the intervention they have Yes=1

received? No=0
Unable to determine = 0

15 Was an attempt made to blind those measuring the main outcomes of the Yes=1

intervention? No=0

Unable to determine = 0

16 | If any of the results of the study were based on “data dredging” was this made | Yes=1
clear? No=0
Unable to determine = 0

17 In trials and cohort studies, do the analyses adjust for different lengths of Yes=1
follow-up of patients, or in case-control studies, is the time period between the | No=0 )
intervention and outcome the same for cases and controls? Unable to determine = 0

18 | Were the statistical tests used to assess the main outcomes appropriate? Yes=1
No=0
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Unable to determine = 0

19 | Was compliance with the intervention(s) reliable? Yes=1
No=0
Unable to determine = 0
20 | Were the main outcome measures used accurate (valid and reliable)? Yes=1
No=0
Unable to determine = 0
Internal validity - confounding
21 Were the patients in different intervention groups (trials and cohort studies) or | Yes=1
were the cases and controls (case-control studies) recruited from the same No=0
population? Unable to determine = 0
22 Were study subjects in different intervention groups (trials and cohort studies) | Yes=1
or were the cases and controls (case-control studies) recruited over the same No=0
period of time? Unable to determine = 0
23 | Were study subjects randomized to intervention groups? Yes=1
No=0
Unable to determine = 0
24 | Was the randomized intervention assignment concealed from both patients and | Yes =1
health care staff until recruitment was complete and irrevocable? No=0
Unable to determine = 0
25 Was there adequate adjustment for confounding in the analyses from which the | Yes=1
main findings were drawn? No =0
Unable to determine = 0
26 Were losses of patients to follow-up taken into account? Yes=1
No=0
Unable to determine = 0
Power
27 | Did the study have sufficient power to detect a clinically important effect Yes=1
No=0

where the probability value for a difference being due to chance is less than
5%?

Unable to determine = 0
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Appendix 11

The End of Walking Training Questionnaire

The following statements ask you about your acceptability to and satisfaction with the walking
training and the assistive device

1= Strongly disagree; 2 = Disagree; 3 = Neutral; 4 = Agree; 5 = Strongly agree

Walking training program 1 /12 |3 |4 |5

1- I was satisfied with time length and procedures of walking training
Comments:

2- [ felt that walking training was safe and secure
Comments:

3- I felt that walking training was comfortable in regard to the harness
Comments:

4- 1 enjoyed walking training program
Comments:

5- T'would plan to participate in walking training again
Comments:

6- I felt that walking training improves my life
Comments:

7- Walking training improves my walking ability

Assistive gait training device 1 12 |3 |4

1- I felt that the assistive device was safe and secure
Comments:

2- 1 felt that the assistive device was comfortable
Comments:

3- I felt that the assistive device provided sufficient assistance during
walking
Comments:

4- 1 felt that time for setting up the assistive device was reasonable
Comments:

5- I would recommend using this assistive device by others
Comments:
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