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Abstract 

 

Cervical spinal cord injury (C-SCI) is a devastating condition that leads to significant 

impairments in both the cardiovascular and respiratory response to aerobic exercise. As 

the heart and lungs share space within the thoracic cavity it follows that changes in one 

system will affect the other. Therefore, the purpose of this thesis was to examine heart-

lung interactions in C-SCI and to utilize this knowledge to enhance exercise capacity in 

athletes with C-SCI. 

The aims of this thesis were to (1) compare the cardiorespiratory response to maximal 

and sub-maximal exercise following C-SCI to able-bodied individuals, with a particular 

focus on operating lung volumes (Study #1, Chapter 3); (2) to examine the effects of 

respiratory loading on lung volumes and left-ventricular function during head-up tilt 

(Study #2, Chapter 4); and (3) to assess the effects of a combined inspiratory and 

expiratory respiratory muscle training (i.e. RMT) intervention in elite athletes with C-SCI 

(Study #3, Chapter 5). 

Laboratory-based incremental arm ergometry testing demonstrated that C-SCI is 

associated with a limited exercise capacity compared to able-bodied individuals along 

with an altered respiratory pattern that is characterized by dynamic hyperinflation and 

reduced tidal volume. By manipulating inspiratory and expiratory esophageal pressure in 

individuals with C-SCI, it was demonstrated that expiratory loading elicited dynamic 

hyperinflation that was associated with impaired left-ventricular filling, likely due to 

direct ventricular interaction and/or mediastinal constraint. Finally, a six-week RMT 

intervention in elite athletes with C-SCI was found to significantly enhance respiratory 

muscle strength and measures of pulmonary function and prevent dynamic hyperinflation 

during exercise. These changes in pulmonary function were accompanied by enhanced 

exercise capacity during an incremental arm ergometry test and were partly ameliorated 

following six-weeks of wash-out (i.e., no RMT). 

This thesis demonstrates that dynamic hyperinflation in individuals with C-SCI, which 

likely occurs due to expiratory muscle weakness, limits left ventricular filling and is 

associated with an attenuated exercise capacity compared to able-bodied individuals. 

RMT improved respiratory muscle strength and prevented dynamic hyperinflation in 
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individuals with C-SCI and enhanced exercise capacity.  
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Lay Summary 

 

Cervical spinal cord injury (C-SCI; also known as quadriplegia or tetraplegia) changes 

how the heart and lungs function and respond to exercise. Because the heart and lungs are 

so close to each other, changes in the size of one may affect the function of the other – 

this is called heart-lung interaction. 

This thesis showed that (1) during exercise individuals with C-SCI are unable to breathe 

out powerfully, which causes their lungs to become gradually more full; (2) this gradual 

filling limits the ability of the heart to fill with blood which may impair oxygen delivery 

to the working muscles; and (3) strengthening the breathing muscles of athletes with C-

SCI alters how lung sizes change during exercise and improves exercise performance. 

This thesis demonstrates one way in which the heart and lungs interact following C-SCI 

and how strengthening the breathing muscles can help to improve this interaction and 

improve exercise capacity.  
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Chapter 1: Introduction 

 

Cervical spinal cord injury (C-SCI) is a devastating condition characterized by the 

loss of motor, sensory, and autonomic function below the level of the injury. In addition 

to these more well-defined sequela, C-SCI also impairs pulmonary and cardiac function 

(see section 1.2 to 1.5). As the heart and lungs share space within the thoracic cavity it 

follows that changes within one system may affect the other. However, despite a growing 

body of literature on pulmonary and cardiac function following C-SCI the interaction 

between these systems has not been well studied. 

Given the increased interest in respiratory muscle training (RMT) in this 

population (both from a clinical standpoint to improve lung function and a performance 

standpoint to improve aerobic exercise performance), a better understanding of heart-lung 

interactions in this population has the potential to assist in not only optimizing training to 

enhance cardiopulmonary function, but may also generate new knowledge that can be 

used in improving rehabilitation, preventing diseases, and/or exercise training programs 

for community dwelling individuals with C-SCI. 

The overall objective of this thesis was to investigate heart-lung interactions in C-

SCI with a focus on the effect of the respiratory muscle pump and lung volumes on left-

ventricular function, as well as to examine the potential of RMT to enhance exercise 

capacity in elite athletes with C-SCI. The overarching hypotheses were that dynamic 

hyperinflation limits left-ventricular filling in C-SCI and that reducing the degree of 

dynamic hyperinflation would enhance aerobic exercise capacity. 

 

1.1. Cervical spinal cord injury 

C-SCI describes an impairment or loss of motor and/or sensory function of the 

myotomes/dermotomes that receives/supplies motor and sensory axons of the cervical 

spinal cord (i.e. C1-C8; see Figure 1). The most recent estimate of the prevalence of 

spinal cord injury (SCI) in Canada, places the number of injured individuals at over 

85,000 with over 3600 new cases each year [1], of which ~57 % are C-SCI [2]. C-SCI is 

known to negatively effect both mortality and longevity compared to lower level injuries 
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[3] and the leading cause of death in this population has been reported to be both 

respiratory and cardiovascular in origin [4,5]. 

 
Figure 1: Functional areas of the spinal cord 
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Loss of motor and/or sensory function at myotomes or dermotomes innervated by C1 to 

C8 spinal nerves results in C-SCI. Adapted from Netter et al (2002)[6].  

Injury level is classified according to the International Standards for the 

Neurological Classification of Spinal Cord Injury(ISNCSCI) [7], which assesses both the 

motor and sensory level of injury. Motor level of injury is determined by the most caudal 

myotome (i.e. collection of muscle fibers innervated by the motor axons exiting at 

specific spinal level) that grades a minimum of three out of five on manual muscle 

testing, and is defined by a full range of motion against gravity. Sensory level of injury is 

the most caudal dermatome (i.e. area of skin innervated by the sensory axons of each 

spinal segment) with normal light touch and pin prick sensation. The neurological level 

of injury is often defined based on the dermatome as each dermatome receives 

innervation from only one spinal level, whereas key muscles typically receive neural 

input from more than one spinal level, however in some cases both a motor and sensory 

level of injury may be reported. 

The neurological completeness of injury is also assessed by the ISNCSCI. A 

complete injury (American Spinal Injuries Association Impairment Scale (AIS) A) is 

characterised by no sacral sparing, meaning an absence of both motor and sensory 

function at the S4-5 spinal level. Sensory sparing at the S4-5 level without motor sparing 

is considered AIS B, while motor sparing may be defined as AIS C or D depending on 

the severity of injury. AIS E refers to an individual who has made a recovery such that 

there is no motor or sensory deficit [7]. 

 

1.2. Inspiratory function following cervical spinal cord injury 

The diaphragm is the primary muscle of inspiration that, upon contraction, forces 

the abdominal contents downward and increases the vertical dimension of the thoracic 

cavity to create a more negative pressure in the thorax and draw atmospheric air into the 

lungs. In able-bodied individuals, the action of the diaphragm is assisted by additional 

obligatory muscles of inspiration (i.e. sternocleidomastoid, scalenes) and accessory 

muscles of inspiration (external intercostals) that act to pull the rib cage upward and 

outward to expand the thoracic cavity and allow for an increase in lung volume [8]. In 

individuals with lower C-SCI, neural drive to the diaphragm via the phrenic nerve (C3-
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C5), sternocleidomastoid (CNXI), and scalenes (C4-C7) remains fully or partially intact 

(see Figure 2). However, there may be a loss of neural drive to external intercostal 

muscles (T1-T11). Paralysis of the external intercostal muscles alone does not seriously 

affect breathing as the diaphragm is so effective, and therefore inspiratory function is 

only marginally impaired in individuals with SCI below the fifth cervical spinal level. In 

non-athletic individuals with C-SCI, this impairment primarily manifests as a lower 

maximal inspiratory pressure (SCI mean of -64.5 centimeters of water (cmH2O) [9] vs. 

able-bodied mean of -115 cmH2O [10]), and a smaller inspiratory capacity (IC) and total 

lung capacity (TLC) compared to able-bodied predicted values (see Figure 3) [11,12]. 

This reduction in peak inspiratory mouth pressure may also reflect the loss of abdominal 

wall tone following C-SCI, which causes the abdominal contents to migrate inferiorly 

and anteriorly – consequently, the diaphragm loses it’s ‘dome’ shape and sits at a length 

that is not optimal for generating tension through the zone of apposition. Additionally, 

individuals with C-SCI may exhibit a paradoxical inward motion of the upper rib-cage on 

inspiration that appears to be due to abnormal activity of the scalenes [13,14]. 
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Figure 2: Neural control of respiratory muscles 

Adapted from Boron & Boulpaep (2016)[15]. 

 

1.3. Expiratory function following cervical spinal cord injury 

During quiet breathing expiration is passive as, following expansion during 

inspiration, the lung and chest wall elastically return to their equilibrium position [8]. In 

able-bodied individuals, the descent of the diaphragm upon inspiration acts to increase 

intraabdominal pressure that is dissipated by anterior relocation of the abdominal wall. 

During exercise or conditions of greater expiratory load, the primary muscle of active 

expiration, the rectus abdominus, acts to increase abdominal pressure that is dissipated by 

displacing the diaphragm cranially. As the diaphragm ascends, intra-thoracic pressure 

(ITP) is increased to facilitation exhalation [8]. 

Compared to inspiratory function, C-SCI has a far greater effect on expiratory 

function due to the loss of neural drive to the rectus abdominus (T7-T11) and internal 

intercostal muscles (T1-T11) [11,16] (See Figure 2). In the absence of neural drive to the 
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rectus abdominus and internal intercostal muscles, individuals with C-SCI tend to recruit 

non-typical accessory muscles of active expiration such as the latissimus dorsi (C6-C8) 

and clavicular head of the pectoralis major (C5-C6) [16,17]. Expiratory dysfunction in 

this population is characterised by reductions in vital capacity (VC), forced expiratory 

volume in one second (FEV1), and peak expiratory flow (PEF), along with an increased 

residual volume (RV) due to the inability to recruit primary muscles of active expiration 

(see Figure 3) [11].  

 

 
Figure 3: Resting lung volumes 

Residual volume (RV), expiratory reserve volume (ERV) and inspiratory capacity (IC) in 

9 wheelchair rugby athletes with cervical SCI compared to able-bodied predicted values 

based on their age, sex, height, and weight [18]. This data was collected as part of 

research that does not form a Chapter of this thesis. * indicates p<0.01, † indicates 

p=0.059. 

 

Autonomic control of the airways has both cholinergic (parasympathetic) and 

adrenergic (sympathetic) components [19]. At the onset of exercise in able-bodied 



 
 

7 

individuals, adrenergic postganglionic neurons arising from the paravertebral chain 

ganglia act upon β-adrenergic receptors in the airways resulting in bronchodilation [20]. 

In able-bodied athletes this allows for greater flow rates and, potentially the prevention of 

expiratory flow limitation (EFL). In addition to the cholinergic and adrenergic pathways, 

further neural mechanisms of airway modulation have been described [20]. These 

pathways are suggested to be “peptidergic” with both dilatory and constrictive effects. 

Little is known as to the effect of C-SCI on these pathways [11], however the loss of 

descending sympathetic control may impair flow rates and impact airway mechanics. 

 

1.4. Neural circuitry modulating autonomic outflow 

The autonomic nervous system, responsible for the regulation of bodily processes 

including ventilation, heart rate (HR) and blood pressure (BP) control, sudomotor 

function, and digestion is comprised of two distinct efferent arms – the parasympathetic 

and sympathetic nervous system. The cardiovascular control centre, located within the 

medulla, is a collection of autonomic nuclei that integrates feed-forward information 

from higher centres (i.e. central command) with feedback from peripheral receptors (i.e. 

baroreceptors, metaboreceptors, and chemoreceptors) [21]. 

Increased parasympathetic outflow from the cardiovascular control centre causes 

bradycardia via the vagus nerve. The vagus nerve arises from the NTS and nucleus 

ambiguous  in the brainstem [22] and acts on cholinergic muscarinic receptors in the 

sino-atrial node to elicit bradycardia and the myocardium to reduce contractility [23]. 

Within the medulla, the NTS has an inhibitory effect on the rostroventral lateral medulla 

(RVLM) via GABAergic mechanisms to reduce sympathetic outflow and, hence, arterial 

tone and BP [21,24,25]. 

Sympathetic outflow from the cardiovascular control centre of the medulla is 

relatively more complex. The primary site of SNS outflow is the RVLM and was 

identified by Ross et al (1984) who studied the pressor response to electrical and 

chemical stimulation of regions of the medulla [24]. They found that the locations of the 

greatest HR, BP, and catecholamine response to stimulation corresponded closely with 

the location of a neurologically heterogeneous collection of glutamatergic neurons called 

the C1 group that contained phenylethanolamine N-methyltransferase – the enzyme that 
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catalyzes the synthesis of adrenaline. These neurons are tonically active but are also 

under tonic inhibitory control from the NTS at rest [24]. C1 group neurons of the RVLM 

that project to the spinal cord likely descend in the dorsolateral funiculus of the cervical 

cord [26] and synapse with sympathetic preganglionic neurons in the intermediolateral 

cell column at the T1-L2 spinal level [22]. Cholinergic sympathetic preganglionic 

neurons in turn synapse with adrenergic sympathetic postganglionic neurons that act on 

the SA node, atria, ventricles, arterioles, and superficial veins, or cholinergic 

postganglionic neurons that act on eccrine sweat glands [23]. Additionally, neurons of the 

C1 group project to the hypothalamus and, upon stimulation, promotes the synthesis of 

vasopressin – a hormone with anti-diuretic and vasoconstrictor properties [24]. 

To highlight the intricacies of the neural circuitry in modulating autonomic 

outflow and the consequences of impairments to this circuitry, below is a brief 

description of how various peripheral reflexes are integrated within the cardiovascular 

control centre when the spinal cord is fully intact (i.e., able-bodied individuals).  

The carotid baroreflex is one such peripheral reflex that is integrated within the 

cardiovascular control centre of the brainstem. Carotid baroreceptors, located within the 

carotid sinus of the internal carotid artery, are sensitive to changes in carotid sinus 

pressure. Upon an increase in carotid sinus pressure (up until the saturation point), the 

NTS receives excitatory afferents via the glossopharyngeal nerve [27]. From the NTS a 

number of neural pathways contribute to the baroreflex mediated decrease in sympathetic 

nerve activity, BP, and HR [28–30]: (1) Glutamate-mediated excitation of the NA which 

then acts upon the SA node to reduce HR as described previously; (2) gamma-

aminobutyric acid (GABA) mediated inhibition of the RVLM that otherwise acts 

tonically on the heart and blood vessels to increase HR and BP; and (3) the caudal 

ventrolateral medulla, receiving excitatory drive from the NTS, exerts a restraining 

influence on the RVLM via GABA-mediated interneurons [21]. Alternatively, in 

response to carotid sinus hypotension there is a decrease in the afferent firing rate to the 

NTS from the baroreceptors - at least until threshold level has been reached. Ultimately, 

this results in an increase in HR and BP until the appropriate carotid sinus pressure is 

achieved. Resetting of the baroreflex likely takes place in the NTS, whereby GABA-

mediated inputs from central command or reflex mechanisms (i.e. exercise pressor reflex) 
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can affect the sensitivity of the NTS to the firing of baroreceptor afferents, leading to a 

resetting of the reflex to a higher BP level [31]. The impact that C-SCI has on the 

baroreflex is largely dependent on the severity of the injury. Following complete 

transection, the afferent arm of the baroreflex remains intact however only the vagally-

mediated portion of the efferent arm remains intact (i.e. not the sympathetic efferent 

arm). Therefore, the ability to respond to increases in carotid sinus pressure above the 

operating point is likely less affected than the ability to respond to reduced pressure to 

increase HR and BP via sympathetic pathways. 

The peripheral chemoreflex is a reflex wherein receptors located within the 

carotid sinus sensitive to changes in carbon dioxide (CO2), (oxygen) O2, and pH 

modulate both autonomic outflow and ventilation [32]. Afferents from the chemoreflex 

travel via the nerve of Hering to the glossopharyngeal nerve and on to the NTS[32]. The 

NTS then alters autonomic outflow by the mechanisms described previously. The NTS 

also acts on respiratory pattern generators both directly and through the retrotrapezoid 

nucleus (site of central chemoreceptors sensitive to changes in CO2 and pH) to effect 

breathing patterns [33,34]. Similar to the carotid baroreflex, there is a threshold and 

saturation level to elicit chemoreceptor firing at which firing rate is maximal for both 

partial pressure of arterial carbon dioxide) PaCO2 and (partial pressure of arterial oxygen) 

PaO2 [35,36]. Based on the work of Dejours (1963) the apparent threshold level for PaO2 

is between 100 and 170 mmHg, and the saturation level is ~25-40 mmHg. The threshold 

level for PaCO2 is ~30 mmHg, but no saturation level is reported [36]. Following 

complete transection C-SCI, the afferent arm of the chemoreflex remains intact, however 

the efferent arm modulating sympathetic outflow is injured. However, in lower level C-

SCI, the efferent arm of the chemoreflex modulating ventilation remains intact as it acts 

via the phrenic nerve (C3-C5; see Figure 2). 

A final modulator of autonomic flow that is pertinent to the present thesis is the 

inflation-chronotropic response. This reflex, that acts through vagally mediated reflex 

arcs, describes a cardio-acceletory response to lung inflation [37]. Interestingly, a 

component of this reflex must be intrinsic to the heart itself as individuals who have 

undergone heart transplantation exhibit a small inflation-chronotropic response [38], 

suggesting that the reflex may have both neural and mechanical components. 
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1.5. Cardiac function following cervical spinal cord injury 

The effects of SCI on resting cardiac function are well documented. We recently 

conducted a meta-analysis of echocardiographic derived indices of left-ventricular 

function and found that individuals with SCI have a 17 % reduction in left-ventricular 

end-diastolic volume (LVEDV), 12 % reduced left-ventricular end-systolic volume 

(LVESV), and a 16 % reduced left-ventricular stroke volume (LVSV) compared to able-

bodied individuals despite a similar ejection fraction (EF) (see Figure 4) [39]. 

Additionally, left-ventricular internal diameter at end-diastole (LVIDd) is reduced 

following SCI, however wall thicknesses are comparable. 
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Figure 4: Schematic overview of key findings from primary meta-analysis 

Published by Williams et al (2018)[39]. 

 

Although there was not sufficient data to appropriately test whether left-

ventricular function differs by injury level, this has been demonstrated by some research 

groups [40]. Reduced cardiac function in tetraplegia is likely attributable to reduced 

venous return (VR) due to the loss of centrally mediated sympathetic vasoconstriction 

below the level of the injury [41], loss of the skeletal muscle pump [42], an impaired 

respiratory muscle pump, impaired cardiac contractility, and reduced blood volume that 

collectively result in decreased LVEDV and left-ventricular (LV) preload [40,43]. In 

turn, reduced LV filling compromises LVSV through Frank-Starling mechanisms. There 

is also some evidence of impaired diastolic function after SCI, whereby individuals with 

SCI typically exhibit a reduction in the ‘early’ filling component of diastole. In addition 

to alterations in global structure and function, individuals with SCI have been shown to 

exhibit relatively ‘normal’ LV mechanics at rest; however, it must be considered that 

these normal values are obtained in the face of reduced cardiac output (Q̇) implying that 

left-ventricular mechanics may in fact be amplified for a given Q̇. Alterations in cardiac 

structure and function are of little consequence at rest, and may in fact be a consequence 

of reduced ‘demand’ due to a lower resting energy expenditure [44], but likely reduce the 

‘available capacity’ when the heart is stressed such as during exercise or upon assuming 

an upright position. Enhancing VR, LVEDV, and LVSV may not only attenuate the SCI 

induced changes in cardiac function but may also offset the circulatory limits to aerobic 

exercise capacity in athletes with C-SCI. 

 

1.6. Cardiopulmonary interaction 

Given that individuals with C-SCI are unable to effectively redirect blood from 

splanchnic vasculature back to the heart (i.e. VR) due to the loss of supraspinal 

sympathetic control over the splanchnic vasculature, the importance of heart-lung 

interactions, in particular that of the respiratory muscle pump and lung volumes, in 

mediating cardiac filling may be even more pronounced in this population.  
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 1.6.1 Respiratory modulation of left-ventricular volumes 

The fall in LVSV upon diaphragmatic inspiration, and rise on expiration, has been 

extensively documented in both the human and canine literature. Briefly, the reasons for 

the inspiratory decrease in LVSV include a combination of both direct ventricular 

interaction (DVI) and series ventricular interaction (SVI), and an inspiratory increase in 

LV afterload that are reversed on expiration at rest. Additionally, this response would not 

be complete without acknowledging that LVSV is affected also by changes in lung 

volume, the inspiratory increase in VR, and other factors affecting VR – all of which are 

addressed in section 1.6.2. 

Robotham and colleagues (1978) examined the effects of large negative ITP 

swings of -10 to -15 cmH2O, induced via Mueller maneuver, in a canine model. While 

previously the fall in LVSV had been ascribed to blood pooling in the pulmonary 

circulation and a subsequent decrease in pulmonary VR [45], they reasoned this to be 

incompatible with their own findings as >90 % of Mueller maneuvers were accompanied 

by an increase in LV filling pressure measured by a transducer tipped catheter. Rather, 

they suggested the inspiratory decrease in LVSV (observed in >95 % of Mueller 

maneuvers) was due to an increase in right ventricular filling pressure that reduced LV 

compliance and an increase in LV afterload. Further work, in which LVSV fell when 

right ventricular volume was held constant but fell more when right ventricular volume 

was allowed to increase supported the role of both DVI and an increase in LV afterload in 

the inspiratory fall in LVSV [46].  

In a later investigation, Peters et al (1989) aimed to determine the relative 

contribution of diastolic and systolic mechanisms in the inspiratory fall in LVSV [47]. In 

a canine model they observed the effect of negative ITP (ranging -13 to -24 cmH2O) 

confined to either diastole or systole on right ventricular filling and LVSV. When 

confined to diastole, negative ITP reduced mitral inflow by 37% and aortic outflow 

during the following systolic phase by 31 % due to DVI. When confined to systole, 

negative ITP reduced aortic outflow by 13 % due to increased left-ventricular afterload. 

DVI takes place via changes in the position of the shared septal wall and, under 

circumstances of high ventricular volumes, by pericardial constraint [48]. For example, 

increasing right-ventricular end-diastolic pressure (RVEDP) results in an increase in left-
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ventricular end-diastolic pressure (LVEDP) and a leftward septal shift due to a trans-

septal pressure gradient that reflects a greater RVEDP than LVEDP. This was excellently 

demonstrated by Kingma et al (1983) who used pulmonary artery constriction in canines 

to volume load the right ventricle and used echocardiography to observe a leftward septal 

shift [49]. Using a similar approach, Slinker et al (1986) used constriction of the 

pulmonary artery and/or inferior vena cava (IVC) with pericardium intact or removed to 

quantify the relative effects of DVI and SVI on left ventricular filling and to demonstrate 

the role of the pericardium in DVI [50]. With the pericardium intact, DVI was one-half 

and one-third as important as SVI during diastole and systole, respectively. Whereas with 

the pericardium removed, DVI was one-fifth and one-sixth as important to left-

ventricular filling, respectively, implying that external constraint of the heart limits left-

ventricular filling via DVI. 

As was highlighted by the work of Slinker (1986), the pericardium plays a role in 

DVI and has been studied in both the canine model and in humans who have undergone 

surgical pericardectomy [50–52]. Because it encapsulates the entire heart, at higher 

ventricular volumes the pericardium can act to restrain the simultaneous increase in both 

left-ventricular and right-ventricular internal diameter. However, at rest there is little 

pericardial constraint to filling as the pericardium is operating on the flat component of a 

J-shaped stretch-tension curve. Interestingly, the effect of removing the pericardium on 

exercise capacity was experimentally assessed in canines and was associated with 

increased LVEDV, LVSV, a 17 % increase in maximum Q̇, and a 7 % increase in 

maximal oxygen uptake (V̇O2max) [51]. Further, in heart failure patients that have 

undergone pericardectomy, it appears that the magnitude of the changes in LVSV with 

ITP swings is attenuated [53]. 

With continued negative ITP excursion, reductions in LVSV appear to be due to 

an increase in LVESV secondary to increased left-ventricular afterload, i.e. that more 

negative ITP increases left-ventricular wall stress that places greater load on the left 

ventricle. Conversely, upon expiration, an increase in ITP unloads the left-ventricle by a 

reduction in afterload [54,55]. 

At rest, ITP with inspiration and expiration are approximately -8 and -3 cmH2O, 

respectively. Whereas at maximum exercise these values are about -30 and +30 cmH2O 
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[56]. Thus, the above-mentioned studies in canines may not have directly measured what 

may be considered ‘large’ swings in ITP. Using pulsed doppler ultrasound in humans, 

Guz et al (1987) demonstrated that with increasing tidal volume (VT) (0.5, 1.0, and 2.0 

L), progressively larger swings in ITP (but appears to not be <-15 cmH2O or >+5 

cmH2O) did exaggerate changes in LVSV mediated by the respiratory cycle [53]. 

Nevertheless, in three individuals that underwent inspiratory loading to achieve a 

negative ITP of -25 cmH2O, they observed that “loading increased the respiratory-related 

variations in SV…although the increases were small compared to the four-fold increases 

in pleural pressure changes”. A more recent study, albeit with a different methodological 

approach whereby subjects maintained a target negative ITP for ~3-5 minutes, 

demonstrated that with sustained negative ITP ≤-20 cmH2O there was a relative decrease 

in LVSV[57]. 

While conceptually it makes sense that LVSV increases on expiration due to a 

reversal of the mechanisms for the inspiratory mediated decrease, it cannot be assumed 

that LVSV is always simply in sync with ITP. The normal respiratory mediated changes 

in LVSV may be reversed under a number of circumstances including (a) active 

expiration whereby a thoraco-abdominal gradient facilitates VR, (b) dynamic 

hyperinflation that impedes RVSV and creates a backpressure to RV filling on inspiration 

[58], or (c) in the case of abdominal vascular zone 2 in which the inspiratory increase in 

intraabdominal pressure can collapse the thoracic IVC [59,60]. 

The interactions of the heart and lungs are clearly extensive, and whilst the above-

mentioned studies have primarily focused on subjects at rest, the respiratory mediated 

changes in left ventricular diastolic and systolic function vary from rest to exercise, 

disease states, and/or in the face of other cardiorespiratory challenge (e.g. positive 

pressure ventilation (PPV), Valsalva maneuver, dynamic hyperinflation). 

1.6.2. Respiratory modulation of venous return 

In the steady-state, SVI dictates that each ventricle must eject all the blood that it 

receives from the other and therefore systemic VR must be equal to systemic Q̇ [48,61]. 

Thus, with increasing exercise intensity we see a linear increase in VR that is governed 

by a number of factors including the skeletal muscle, abdominal circulatory, and 

respiratory muscle pumps as well as changes in operating lung volumes [56]. 
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Rhythmic contraction of skeletal muscle acts to reduce muscle vascular 

compliance and prevent pooling by propelling peripheral blood centrally [56]. Upon 

muscle contraction, peripheral veins are compressed and pressure within these vessels 

increases. Veins contain one way valves and this pressure closes upstream valves and 

opens downstream valves to permit blood flow towards the heart and prevent retrograde 

flow [23]. The skeletal muscle pump appears to be of less importance to anterograde flow 

within peripheral veins of the lower limb than the respiratory muscle and abdominal 

circulatory pumps because an increase in intraabdominal pressure will always reduce the 

gradient for femoral VR within a given phase of the stretch-shortening cycle of the lower-

limb skeletal muscles [59,62,63]. 

The abdominal circulatory pump describes how changes in intraabdominal 

pressure influence the circulation and is largely dependent upon the magnitude of this 

change and the condition of the circulation (i.e. normovolemia or hypovolemia) [59,64]. 

Takata and Robotham (1992) examined IVC flow following phrenic nerve stimulation 

under abdominal vascular zone 2 and 3 conditions [60]. They found that under zone 3 

abdominal vascular conditions, in which intraabdominal pressure was less than the 

pressure within the IVC at the level of the diaphragm, phrenic nerve stimulation 

increased total IVC flow by enhancing the contribution of splanchnic flow. Whereas 

when intraabdominal pressure was greater than pressure within the IVC, total IVC was 

reduced by phrenic nerve stimulation - likely due to collapse of the IVC at the level of the 

diaphragm [59]. To examine the impact of intraabdominal pressure on VR, Vivier et al 

(2006) examined gradual increases in intraabdominal pressure on abdomino-thoracic 

blood flow in a porcine model [64]. They found that gradual increases in intraabdominal 

pressure up to 20 cmH2O increased the redistribution of blood from the abdomen to the 

thorax but at intraabdominal pressure above 20 cmH2O flow was arrested. Interestingly, 

given the abdominal circulatory pumps ability to act as an ‘auxiliary heart’ it has been 

suggested that rhythmic abdominal compressions may be used to maintain a Q̇ of 6 

L.min-1 during cardiac arrest [65]! 

Under most circumstances the abdominal circulatory pump operates at the same 

time as the respiratory muscle pump due to the effects of diaphragm descent and it is the 

gradient between pressure within the abdominal and thoracic IVC that governs VR. 
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Briefly, the respiratory muscle pump describes how phasic changes in ITP affects VR. 

Under resting conditions an inspiratory fall in ITP reduces right atrial pressure and 

widens the thoraco-abdominal gradient for VR via the IVC, while an expiratory rise in 

ITP has the opposite effect [56,66]. During heavy exercise or other conditions in which 

the right side of the heart is acutely volume loaded, an increase in right-ventricular 

volume may impede left-ventricular filling and output by septal and pericardial mediated 

DVI (see section 1.6.1). The effects of the respiratory muscle pump are highlighted by 

the addition of PPV in which the effectiveness of the respiratory muscle pump is 

diminished. While PPV acts to reduce the inspiratory WOB, the gradient for VR is 

reduced on inspiration and this subsequently reduces both RV filling [67]. Harms et al 

(1998) found that at a given O2 uptake, LVSV was always less if ITP was less negative 

on inspiration [68]. 

It should be noted that the factors governing VR and left-ventricular filling and 

output during dynamic exercise are numerous and do not occur in isolation outside of the 

controlled manipulations in the laboratory. Therefore, in considering the role of changes 

in ITP and lung volumes on left-ventricular filling and output and on VR during exercise, 

how changes in pressure or volume affect each other must also be considered. 

1.6.3. Effect of lung volumes on cardiac function 

DVI may be further exacerbated by the effects of lung volumes during exercise. 

Firstly, lung volumes below functional residual capacity (FRC) have the potential to 

increase pulmonary vascular resistance by compression of extra-alveolar vessels under 

increased ITP that in turn increases right-ventricular afterload and volume [8]. Second, 

higher lung volumes, as are often observed during exercise in individuals with 

obstructive disease or expiratory muscle weakness (e.g. C-SCI) can impair left-

ventricular filling and output by a number of mechanisms. One such mechanism is that 

high lung volumes can also increase pulmonary vascular resistance and impair left-

ventricular filling [58,69]. Increased pulmonary vascular resistance with high lung 

volumes can be attributed to intra-alveolar vessel compression due to elevated alveolar 

pressure (i.e. respiratory zone 2 conditions) and is associated with impaired LV filling at 

lung volumes above 75% of TLC [70]. In addition to the effects of DVI, zone 2 

respiratory conditions may reduce LV filling via SVI. Recently, Cheyne et al [71] 
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investigated the effect of incremental lung hyperinflation on left-ventricular filling and 

output and observed progressive reductions in LVEDV and LVSV with progressive 

increases in end-expiratory lung volume (EELV) [71] combined with its subsequent 

effects on end-inspiratory lung volume (EILV). They suggested that at moderate levels of 

hyperinflation the reduced LVEDV and LVSV was likely due to increased pulmonary 

vascular resistance, whereas at higher levels of hyperinflation the primary cause was 

mediastinal constraint or DVI as indicated by changes in the radius of the septal 

curvature. 

Higher lung volumes during exercise may also decrease left-ventricular filling and 

output by external constraint and reduced left-ventricular compliance [70,72]. This effect 

of hyperinflation on cardiac performance is such that some individuals with pulmonary 

emphysema may exhibit a paradoxic inspiratory decrease and expiratory increase in IVC 

flow that is related to higher lung volumes and a lower diaphragm position [58]. Finally, 

in able-bodied individuals, increasing lung volumes towards end exercise is not without 

benefits as it helps to prevent EFL. This is because it is easier to generate greater 

expiratory flow rates from higher lung volumes. However it also increases the inspiratory 

work of breathing because it is more difficult to generate inspiratory pressures from 

higher lung volumes as the diaphragm is not operating at an optimal length to generate 

tension, which may in turn impact the function of the respiratory muscle pump. 

1.6.4. Influence of increased respiratory muscle work on cardiac function 

 How alterations in ITP and intraabdominal pressure impact the heart have 

previously been studied by increasing resistance to breathing on either the inspiratory or 

expiratory side.  

Miller et al (2006) [73] examined the cardiac responses to respiratory loading  in a 

canine model. They found that, at rest, inspiratory loading of ~-20 cmH2O had no net 

effect on LVSV across the respiratory cycle. However, inspiratory unloading (i.e. less 

negative ITP) via continuous inspiratory PPV of 15 cmH2O significantly reduced LVSV 

within 10 seconds and was reduced even further with inspiratory PPV of 20 cmH2O, 

implying that the normal tidal negative ITP swing is important for maintaining resting 

LVSV [73]. A similar phenomena has been observed in maximally exercising able-

bodied humans by Harms et al (1998) who demonstrated a decrease in Q̇ and a non-
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significant decrease in LVSV at maximal exercise with respiratory unloading via a 

proportional assist ventilator to reduce the ITP excursion upon inspiration [68]. 

Considered together, these studies suggest that there may be a point at which a less 

negative ITP excursion on inspiration may limit LVSV, possibly via a decrease in VR 

subsequent to a reduction in the pressure gradient between the IVC and right atrium [74] 

or by alterations in LV filling.  

More recently, Cheyne et al [57] examined the effects of incremental increases in 

negative ITP on left-ventricular volumes in 23 healthy individuals at rest. They found that 

LVSV was largely unchanged with negative ITP of more than -15 cmH2O, however was 

reduced with negative pressures of ≤-20 cmH2O on inspiration. Such reductions in 

volumes were associated with a flattening of the septal curvature suggesting that the 

reduced left ventricular volumes were due to DVI. Notably, the subjects in this study 

were supine and it is not known whether these findings would be the same in the seated 

or standing position. These findings suggest that more negative ITP excursion may limit 

LVSV, possibly via increased LV afterload. Taken with the findings of Miller (2006) and 

Harms (1998) mentioned above[68,73], these data suggest that there may be an optimum 

point, or ‘sweet spot’, at which increases in inspiratory resistance can facilitate LVSV 

after which it may actually inhibit LVSV due to DVI and/or SVI. Whether such a ‘sweet 

spot’ to facilitate LVSV exists in C-SCI, or if it is at a similar inspiratory ITP as observed 

in able-bodied individuals, is not known. 

Within a single breath at rest, expiration facilitates a relative increase in LVSV 

with a more positive ITP [75]. However, on the right side of the heart that same increased 

ITP may acutely reduce VR and right atrial filling due to the lower pressure gradient 

between IVC and right atrium. This phenomenon was demonstrated in a canine model by 

Miller, et al (2006) in which an expiratory load to achieve expiratory ITP during steady 

state of 5, 10, and 15 cmH2O above baseline on each breath (7 cmH2O) reduced within-

breath LVSV by 2.1, 2.4, and 3.6 % respectively, in healthy dogs over the course of a 

single breath due to a reduction in cardiac preload. Significant decreases in LVSV were 

recorded within 10 seconds of expiratory loading at both 5 and 15 cmH2O. Miller et al 

suggest the decrease in steady-state LVSV with expiratory loading is due to an increased 
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magnitude of the expiratory ITP that mechanically constrains cardiac filling and reduces 

preload [75]. 

Collectively, the evidence to date suggests that the cardiac response to changes in 

ITP and intra-abdominal pressure at rest likely work on a continuum where modest 

decreases in ITP (i.e. slightly more negative) facilitate increases in LVSV, whereas larger 

decreases reduce LVSV. On the expiratory side, even small increases to ITP may reduce 

LVSV. To our knowledge, there have been no studies investigating how manipulating 

ITP impacts the heart in individuals with SCI, an understanding of which may have 

application in enhancing both functional and exercise capacity. 

 

1.7. Limits to aerobic exercise capacity in health able-bodied individuals 

The human body is finely tuned to meet the O2 demands of low and moderate 

intensity exercise, however during very heavy exercise we reach the limits of our ability 

to transport and utilize O2. These limits may be environmental, ventilatory, circulatory, or 

due to O2 extraction and utilization at the tissue. Ultimately, however, V̇O2max is not 

limited by a single component of the O2 transport pathway but by the interaction of all 

transport processes between the environment and mitochondria. The greatest limit to 

V̇O2max in a healthy able-bodied young person is the inspired partial pressure of oxygen 

(PO2) [76–78]. Relative to other O2 transport variables, alterations in PO2 have a far 

greater effect on V̇O2max – a 50 % reduction in inspired PO2 will reduce V̇O2max ~50 % 

and a 50 % increase will enhance V̇O2max ~11 % due to flattening out of the 

oxyhemoglobin disassociation curve [79]. Considering the above, this section addresses 

the limits of aerobic exercise capacity in individuals free of disease and exercising at sea-

level under normoxic conditions, and focuses on the physiological limits to O2 transport 

and utilization. 

In healthy individuals peak minute ventilation (V̇E) is unlikely to be a major limit 

given that SaO2 is close to 100% throughout exercise and ~93 % at V̇O2max [80,81]. 

This is supported by the fact that reducing VE by one-half only limits V̇O2max ~18 % 

[79]. High blood flow and respiratory rates associated with heavy exercise may result in a 

ventilation-perfusion mismatch and/or diffusion limitation and a subsequent widening of 

the alveolar-arterial PO2 difference [82]. EFL and a shift to higher lung volumes may 
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occur during very heavy exercise (i.e. V̇E >150 L.min-1), increasing the inspiratory work 

of breathing (WOB) and contributing to diaphragm fatigue [81] and/or initiating the 

respiratory muscle metaboreflex[83,84]. Higher lung volumes may also impose 

circulatory limitations to V̇O2max[49,71,72]. 

Circulatory limits to O2 transport may arise from the heart’s ability as a pump or 

the ability of the blood vessels to re-direct oxygenated blood to exercising muscles and 

de-oxygenated blood back to the heart. Q̇ is a function of HR and LVSV – the latter of 

which is a function of preload, afterload, and contractility [56]. While HR increases 

linearly with exercise intensity to V̇O2max, LVSV tends to plateau at ~50-60 % V̇O2max 

[56]. The plateau in LVSV at higher exercise intensities is likely due to a plateau in 

LVEDV by a combination of reduced filling time and DVI. The ability of the vasculature 

to re-direct blood flow to meet O2 demands of exercising muscles is another factor in 

one’s ability to maintain a higher workload and ultimately contributes to the cessation of 

exercise. During heavy leg exercise, the legs command the majority of Q̇ [85], however 

as the WOB increases the diaphragm, densely populated with metaboreceptors, elicits a 

metaboreflex of its own [83,84,86]. The respiratory muscles may command as much as 

15 % of Q̇ in highly trained individuals [68,87], and the metaboreflex within these 

muscles effectively redistributes O2 supply from the exercising legs and thus contributes 

to the limits of O2 utilization by exercising muscles [88] – this may be less likely during 

arm ergomety due to the less active muscle mass and lower peak VE [89]. Regarding the 

blood itself, a recent meta-analysis on heat acclimation training by Tyler et al (2016) 

found a 15±22 % improvement in exercise capacity that was associated with a 4.3±4.7 % 

increase in plasma volume [90]. In the same way that blood volume expansion can 

significantly enhance V̇O2max, it stands that a decrease in blood volume would reduce 

V̇O2max due to impaired LVEDV, Q̇, and O2 transport to exercising muscles. 

Additionally, increasing hemoglobin levels can enhance O2 transport; the effectiveness of 

interventions to do so, however, is debatable [91,92]. 

As during heavy exercise in elite athletes there is an O2 component to venous 

blood, O2 extraction by the tissue must be a limit to V̇O2max [93]. This limit to extraction 

may be due to homogeneity of blood flow, limited capillary transit time, diffusing 

distance, or shunts between the arterial and venous system [79,93]. Finally, Coyle et al 
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(1991) demonstrated muscle fibre type, myoglobin concentration, and capillary density – 

but not aerobic enzymes - are associated with peak power [94]. 

 

1.8. Limits to aerobic exercise capacity in athletes with cervical spinal cord injury  

Relative to the evidence in able-bodied individuals, literature on the limits to 

aerobic exercise capacity in individuals with C-SCI is scarce. In the ensuing sections, the 

potential for the respiratory, cardiovascular and musculo-skeletal systems to act as the 

primary limiting factor for exercise will be discussed. The focus of these sections will be 

on studies that have utilized highlytrained individuals with cervical SCI. 

1.8.1. Respiratory limits to aerobic exercise capacity 

As discussed in section 1.2 and 1.3, pulmonary function is impaired following C-

SCI due to the loss of neural drive to key respiratory muscles [11,13]. While neural drive 

to the diaphragm usually remains intact, the loss of control of the abdominals and 

subsequent increased abdominal compliance leads to an impaired ability to generate 

inspiratory and expiratory pressures [16,69]. Despite this, pulmonary limits are unlikely 

to limit O2 transport even in elite athletes with SCI who, even at maximal exercise still 

maintain an arterial O2 saturation of ~95 % [69]. Further, maximal V̇E is typically limited 

to ~50 L.min-1 in tetraplegic athletes, which is unlikely to limit O2 transport – especially 

in the absence of EFL or diaphragm fatigue [69,95] – note that one documented 

exception exists of a world champion Paralympic rower with SCI at the level of the 

twelfth thoracic spinal level (i.e. not tetraplegic) who reached a VEpeak of 150 L.min-1 

and demonstrated evidence of diaphragm fatigue [96]. Though diaphragm fatigue and/or 

EFL does not appear to occur in C-SCI, it should be noted, that the loss of neural drive to 

key expiratory muscles does cause an immediate and sustained dynamic hyperinflation 

which may contribute to reduced exercise tolerance via its effects on the cardiovascular 

system (see section 1.6.3) and sensations of breathlessness [69,95]. 

1.8.2. Circulatory limits to aerobic exercise capacity 

In C-SCI, it appears undeniable that an impaired cardiovascular response to 

exercise, characterized by a neurologically limited HR, impaired cardiac contractility, 

and impaired VR must play a role in limiting aerobic exercise capacity; at least in elite 

athletes competing in endurance/repetitive sprint sports [97–99]. An inability to redirect 



 
 

22 

O2-rich blood to exercising muscles via sympathetically mediated splanchnic 

vasoconstriction after C-SCI results in blood pooling in the abdomen and a reduced 

VR[100] that is compounded by the loss of the skeletal muscle pump, abdominal 

circulatory pump, and, potentially, an altered respiratory muscle pump. This manifests as 

a reduced LVSV, calculated by the CO2 re-breath method, that does not increase with 

exercise [100,101]. These impairments are a consequence of the injury to descending 

sympathetic spinal pathways (see Figure 5) [102].  

Our group have demonstrated that tetraplegic athletes with anatomically 

incomplete SCI who exhibit partial to full sparing of descending sympathetic pathways 

are at a performance advantage despite a similar degree of motor impairment [97]. 

Moreover, we have shown that performance may be enhanced when these otherwise 

dormant spinal sympathetic pathways are stimulated [103–105]. In fact, interventions in 

athletes with C-SCI that aim to reduce blood pooling in the abdomen, albeit mechanically 

rather than by increasing sympathetic activity, appear to enhance aerobic exercise 

capacity (e.g. abdominal binding) [69,106]. To further compound the negative effects of 

the loss of descending sympathetic drive to the heart and vasculature on O2 transport, 

individuals with SCI also have reduced blood volume and hemoglobin levels compared to 

able-bodied individuals, and lower circulating catecholamines [43,104,107]. 

1.8.3. Limits to aerobic exercise capacity at the muscle 

To date, there is no evidence in the literature to suggest that O2 extraction or 

utilization by muscle tissue is impaired by SCI. Though, given that the arms extract less 

O2 than the legs, this is likely a greater limit to V̇O2max during arm exercise [93]. 

Ultimately, in healthy able-bodied individuals V̇O2max is not limited by a single 

component of the O2 transport pathway but by the interaction of all transport processes 

between the environment and mitochondria. However, in athletes with C-SCI current 

evidence suggests that the primary limit to V̇O2max in tetraplegics is likely circulatory in 

origin. 
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Figure 5: Neuroanatomical overview of the level-dependent impacts of SCI on 

cardiovascular pathophysiology  

CG, coeliac ganglion; IMG, inferior mesenteric ganglion; IVC; inferior vena cava; PNS, 

parasympathetic nervous system; SG, stellate ganglion; SMG, superior mesenteric 

ganglion; SNS, sympathetic ganglion. 
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1.9. Techniques to enhance cardiopulmonary function in C-SCI 

 Given our understanding of the cardiovascular limits to aerobic exercise capacity 

in individuals with C-SCI, the effectiveness of a number of interventions, described 

below, have been explored. 

 
1.9.1. Abdominal binding following cervical spinal cord injury 

Abdominal binding describes the use of a corset-like ‘binder’ that is fastened 

tightly around the abdomen of an individual. This method has been used since mid-

twentieth century in the acute stages of SCI to improve resting hemodynamics in the 

clinical setting. Binding has drawn the attention of researchers since Huang et al (1983) 

[108] first examined the effect of abdominal compression on improving orthostatic 

tolerance. Huang et al described how an inflated cuff around the abdomen, to increase 

abdominal pressure, prevented the fall in BP upon the assumption of head-up tilt – a 

phenomenon commonly observed in individuals with acute C-SCI[109]. 

In addition to benefiting resting hemodynamics, studies have reported increased 

VC and reduced RV and FRC with binding in community dwelling individuals with C-

SCI [110–113]. Improvements in maximal expiratory mouth pressure (PEmax), PEF, 

IRV, FEV1, and IC with binding have also been reported in wheelchair rugby athletes 

with C-SCI [114], and are consistent with our own (unpublished) data in athletes from the 

Canadian wheelchair rugby team. Improvements in pulmonary function with abdominal 

binding appear to be due to a reconfiguring of chest wall mechanics and a change in the 

length-tension relationship of the diaphragm, during tidal breathing. In the upright 

position, the abdominal contents of individuals with C-SCI tend to migrate anteriorly and 

down ward due to a combination of gravity and increased abdominal compliance. This 

results in a flattening of the diaphragm as it is drawn inferiorly. By mimicking the 

abdominal muscles to simultaneously increase intra-abdominal pressure and placing the 

diaphragm at a more optimal position to generate tension, abdominal binding appears to 

enhance pulmonary function following C-SCI [113]. Urmey et al (1986) [115] found that 

with binding the area of the lower rib cage tended to increase more and that it prevented 

the paradoxical inward motion of the upper rib cage that is sometimes observed in 

individuals with C-SCI [13,14]. The study of Urmey et al (1986), and another by McCool 
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et al (1986) suggested the improved chest wall mechanics with binding was due to 

increase in the zone of apposition and due to placing the diaphragm at a length that 

allowed for greater tension. 

In regards to the effects of abdominal binding on cardiac function, a study from 

1986 suggested that it facilitates VR [116], however this was based on an observed 

increase in right atrial volumes in only two individuals with C-SCI. In assessing the 

methods to combat orthostatic hypotension in individuals with tetraplegia, Smit et al 

(2004) found that lower abdominal compression prevented the typical drop in BP in 

response to head-up tilt via a 14 % increase in LVSV. When compression was confined 

to the lower limbs, the drop in BP with tilt was not prevented. It should be noted, 

however, that BP and LVSV in the study by Smit et al., were measured by finger 

plethysmography [117]. The effect of abdominal binding on cardiac function in athletes 

with C-SCI has been the focus of more recent studies [114]. Among these, tight 

abdominal binding has been found to enhance Q̇ by 28 % above the unbound position due 

to a 15 % increase in LVSV (albeit not significant). 

Studies of abdominal binding in athletes with C-SCI also found that binding 

elicited improvements in field-based assessments of exercise performance, as well as lab-

based markers of aerobic exercise capacity [69,106]. One suggested mechanism for an 

improved exercise performance is due to enhanced configuration of the respiratory 

muscle pump and reduced vascular compliance resulting in a subsequent abdomino-

thoracic translocation of blood, however this hypothesis is yet to be tested [69]. The 

relevant physiology for this hypothesis follows that increasing VR will increase LVEDV 

and LVSV and this will enhance O2 delivery to exercising muscles. Similar approaches 

using functional electric stimulation and anti-gravity suits have used a similar rationale 

and found improved exercise capacity [118,119]. In the seated position, 70 % of blood 

volume is below the level of the heart - the majority being in the splanchnic capacitance 

vessels [120]. It follows then, that enhancing VR from the abdomen may augment VR 

more than interventions that aim to augment VR from the lower limbs following C-SCI 

[117,120,121]. Therefore, mobilizing blood from the abdomen would increase LVEDV 

and LVSV subsequent to increases in VR. An important caveat to this rationale is that 

increases in abdominal pressure have in fact been shown to decrease Q̇ in non-injuired 
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canine models, likely due to increased left-ventricular afterload [122]. It is unknown how 

this translates to human with C-SCI. 

1.9.2. Respiratory muscle training 

RMT has been shown to be effective in enhancing respiratory muscle strength and 

indices of exercise performance in healthy able-bodied individuals[123]. RMT may 

include inspiratory muscle training (IMT), expiratory muscle training (EMT), or a 

combination of both (i.e. RMT). There are three primary modalities of RMT; (1) 

voluntary isocapnic hyperpnea, which requires individuals to maintain high target levels 

of ventilation for up to thirty minutes; (2) flow resistive loading, which requires 

individuals to breathe through a small diameter orifice that provides a resistive load, and; 

(3) pressure threshold loading, which requires individuals to breathe through a device that 

incorporates a spring-loaded valve that occludes either the inspiratory or expiratory 

orifice such that individuals must generate sufficient pressure to open the valve and 

initiate airflow [123]. 

In able-bodied individuals, pressure threshold IMT (at ~60 % maximal inspiratory 

mouth pressure (PImax)) has been found to increase inspiratory muscle maximal force 

production, maximal velocity, and maximal rate of shortening, as well as maximal 

exercising power output, and endurance [123]. It has been further posited that improved 

respiratory efficiency due to respiratory muscle strength may facilitate O2 delivery 

through improved circulatory responses, reduce the severity of breathlessness, and 

improve exercise tolerance in athletes [124]. In the first study to examine the effect of 

pressure threshold IMT on performance, Volianitis et al (2001) [125] reported a 3.5 % 

improvement in distance covered in six minutes and a 3.1 % improvement in 5000 m 

time trial performance in competitive female rowers. Similarly, Romer et al (2002) [126] 

examined six weeks pressure threshold IMT in competitive male cyclists and found 

improved parameters of inspiratory muscle fatigue as well as 3.8 % and 4.6 % 

improvements in 20 km and 40 km time trial performance, respectively. Participants in 

this study performed thirty inspiratory efforts twice daily for six weeks against a pressure 

threshold equivalent to 50 % of the maximal expiratory pressure, a protocol that had 

previously been demonstrated to elicit an adaptive response [127]. It must be noted 

however that not all studies supports the effectiveness of IMT – a placebo controlled 
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study of IMT by Sonetti et al found that despite an 8 % improvement in PImax, changes 

in V̇O2max and time-trial performance were not different to the placebo group [128]. 

There is little evidence for the benefit of EMT in able-bodied athletes for whom 

neural drive to the primary muscles of expiration, namely the rectus abdominus, is intact 

[129]. respiratory muscle endurance training (RMET), which combines IMT and EMT, 

has shown large improvements in tests of time to exhaustion (20-50 %) and smaller 

improvements in time trial performance (~4 %) [130–132]. However it is impossible to 

determine the relative contributions of IMT and EMT to the benefits of RMET. Though a 

study of endurance IMT found that the addition of endurance EMT did not provide any 

additional benefit [133]. 

1.9.3. Respiratory muscle training following cervical spinal cord injury 

In individuals with in C-SCI, IMT has been found to enhance inspiratory muscle 

strength and endurance as well as VC and IC [134]. In athletes with C-SCI, IMT has also 

been demonstrated to increase diaphragm thickness, peak power output, and exercise VT 

[135], but its effect on aerobic exercise capacity are inconclusive [135,136]. In the only 

studies into the effect of combined RMT in individuals with SCI, Legg Ditterline et al 

(2017) and Aslan et al (2016) found improved performance on assessments of expiratory 

function as well as beneficial effects on BP regulation, respectively, following RMT 

[137,138]. 

From an integrated physiology perspective, RMT may increase the strength of the 

diaphragm and thereby improve the capacity of the diaphragm to act as a ‘respiratory 

muscle pump’. Enhancing the function of the respiratory muscle pump may augment VR 

and enhance LV filling through SVI and subsequently cardiac performance in athletes 

with C-SCI. RMT may also enhance the strength of expiratory muscles recruited during 

forced expiration in individuals with C-SCI resulting in lower operating lung volumes 

and prevent hyperinflation, the potential benefits of which to cardiac function are 

described above (see section 1.6.3). Additionally, as higher inspiratory pressures can be 

generated from lower lung volumes [139,140], strengthening the expiratory muscles may 

allow the diaphragm to operate at an optimal length to generate greater inspiratory 

pressures and enhance the action of the respiratory muscle pump. Previous research by 

members of our group has demonstrated that IMT in athletes with C-SCI not only 
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improves indices of inspiratory muscle function but also enhances maximal exercise VT 

and power output as well as a trend towards enhanced V̇O2max [135]. Further, abdominal 

binding in athletes with C-SCI lowered operating lung volumes during exercise. This 

lowering in lung volumes was associated with an improved V̇O2max (8-12 %) and 

decreases blood lactate concentration (16-19 %) during the final stages of an incremental 

exercise test. These results suggest that there may be a link between improved respiratory 

mechanics, lung volumes during exercise, and exercise capacity in SCI [69]. Despite a 

sound physiological basis, it remains to be determined whether strengthening the 

respiratory muscles augments cardiac function, pulmonary function, and exercise 

capacity in elite athletes with C-SCI. 
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Chapter 2. General methods 

 

 This chapter provides an overview of methods that are more in depth than those 

provided within the experimental chapters (section 2.1), were performed across all 

experimental chapters (2.2), or were used for calibration purposes (section 2.1 and 2.3). 

 

2.1. Operating lung volumes 

To determine operating lung volumes during exercise (see chapters 3 & 5) and 

experimental conditions (see chapter 4), first a multi-breath nitrogen washout test was 

performed to determine TLC.  

Multi-breath nitrogen washout tests were performed in accordance with the 

guidelines set by the American Thoracic Society/European Respiratory Society 

(ATS/ERS) [141]. The test followed a pre-set protocol on the Quark CPET. Following 

~30-60 seconds of breathing room air to become accustomed to the apparatus and reach a 

stable VT, the breathing valve was switched to one in which participants’ breathe in 100 

% O2. Participants maintained a respiratory rate between ten and fifteen breaths per 

second and a VT between 0.5 and 1.0 L – concurrent feedback on respiratory rate and VT 

was provided via a real-time display on the Quark CPET. The test was considered to be 

complete when three consecutive breaths are completed for which the percentage of 

nitrogen in the exhaled air was less than 2.0 %; the Quark CPET provided a prompt when 

the test was complete. 

To assess operating lung volumes, participants were required to perform an IC 

maneuvere. This maneuver was performed during normal breathing whereby, following a 

normal exhalation, participants were instructed to take a full breath in to fill their lungs to 

TLC. This IC was then subtracted from TLC to determine EELV (TLC – IC) and EILV 

(EELV + VT). EELV and EILV were reported as a percentage of TLC.  

When	 performed	 during	 exercise,	 IC	maneuveres	were	 performed	 in	 duplicate	 at	

each	workload	with	30	seconds	steady-state	exercise	 in	between	each	maneuvere.	

The	volume	trace	was	inspected	to	ensure	consistent	EELV	prior	to	the	maneuver	as	

well	as	a	‘levelling	off’	of	the	volume	trace	during	the	maneuver,	indicating	that	the	
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participant	 had	 reached	 TLC	 and	 given	 a	 maximal	 effort.	 The	 largest	 correctly	

performed	IC	was	subtracted	from	TLC	to	determine	EELV. 

2.2. Esophageal pressure 

Esophageal pressure (Pes) was measured with a balloon tipped catheter (no. 47-

9005, Ackrad Laboratory, Cranford, NJ, USA) and used as a surrogate of ITP. A topical 

anesthetic (Xylocaine, 2 % Lidocaine Hydrochloride) was applied to subjects’ nasal and 

pharyngeal passages prior to insertion of the catheter to minimize discomfort. The 

catheter was then directed perinasally into the stomach, all air was then be removed from 

the balloon by having the subject perform a brief valsalva maneuver while the balloon 

was open to the atmosphere. Following this it was filled with 1 mL of air. 

 
Figure 6: Calibration against a digital manometer demonstrated transducer linearity 

 

Pes was transmitted via tubing connected to a carrier demodulator (CD280 Multi-

Channel Carrier Demodulator, Validyne Engineering, Northridge, CA) via a pressure 

transducer (DP15 Variance Reluctance Pressure Sensor, Validyne Engineering, 

Northridge, CA). All pressures are reported as cmH2O. Pressures were then displayed in 
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real time on a laptop (LabChart Pro 8, ADInstruments, Colorado Springs, CO) connected 

via a data acquisition system (Powerlab 16/30; ADinstruments, Colorado Springs, CO).  

The system was then calibrated against a digital manometer (AR1890 Air 

Pressure Manometer, Perfect Prime, London, United Kingdom). The systems tubing and 

digital manometer were connected to two ports of a three-way valve. A 5 mL plastic 

syringe (BD 5 mL Syringe, BD, Franklin Lakes, NJ) was connected to the remaining port 

from which various pressures were generated and recorded on both the handheld digital 

manometer and LabChart software. This calibration demonstrated the pressure transducer 

system to be linear (r=0.999) (see Figure 6). A two-point calibration was performed to 

normalize values presented on LabChart software to mmHg, which was subsequently 

converted to cmH2O. 

 

 
Figure 7: Example of repeated sniff test for esophageal catheter placement 

“A” shows a positive pressure deflection with sniffing indicating that the catheter is 

below the level of the diaphragm. “B” shows a negative pressure deflection indicating the 

catheter is above the diaphragm. 

 

A 5 mL plastic syringe (BD 5mL Syringe, BD, Franklin Lakes, NJ) was then used 

to inject 1 mL of air into the esophageal balloon [142]. The esophageal catheter was then 

withdrawn into the esophagus. The first negative pressure deflection during a series of 

sniffs indicated that the balloon has entered the esophagus (Figure 7). The catheter was 

then be withdrawn an additional 10 cm to be positioned in the lower one-third of the 

esophagus and correct placement confirmed with the occlusion technique [143]. The 

placement of the esophageal balloon tipped catheter will be performed by a trained 



 
 

32 

researcher who has performed the procedure as part of previous research studies at the 

University of British Columbia. 

 

2.3. Respiratory muscle training apparatus testing 

Powerlung, Inc. (Houston, TX, USA) provided us a demonstration kit that 

allowed us to perform testing of their four commercially available RMT models.  Each 

model has three expiratory and six inspiratory settings. Pressure thresholds at each setting 

were tested manually, with a minimum of five tests being performed at each setting. The 

mean value at which the spring-loaded valve opened for each setting were reported (see 

Figure 8). To determine pressure thresholds the RMT models were placed in line with the 

pressure transducer and carrier demodulator described above. Pressures were recorded in 

real time using a data acquisition system (Powerlab 16/30; ADinstruments, Colorado 

Springs, CO) and software (LabChart pro 8, ADInstruments, Colorado Springs, CO). 

Pressure was sequentially increased until the valve being tested opened, at this point the 

pressure in the system was released and was accompanied by a severe decrease in 

recorded pressure on the data acquisition software.  
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Figure 8: Pressure thresholds for each setting of each RMT model 

Sport model (solid line); Trainer model (dashed line); BreatheAir model (dotted line); 

AireStream model (dashed-dotted line). 

 

Based on these values, our previous observations, and previous literature 

reporting PImax and PEmax in individuals with cervical SCI [9,135], we chose to use the 

BreatheAir model. The pressure thresholds associated with the settings of this model 

covered a range that that was ~20-100 % of PImax and ~40-100 % PEmax that we 

observed during a previous project looking at these indices in athletes with C-SCI. 
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Chapter 3: How does cervical spinal cord injury impact the cardiopulmonary 

response to exercise? 

 

We compared cardiopulmonary responses to maximal and sub-maximal arm 

ergometry, as well as operating lung volumes during sub-maximal arm ergometry, in 10 

highly trained individuals with C-SCI (9M/1F) and 10 able-bodied controls (9M/1F). We 

hypothesized that individuals with C-SCI would have a lower peak oxygen uptake 

(V̇O2peak) than able-bodied individuals and that these individuals would dynamically 

hyperinflate during exercise, whereas able-bodied individuals would not. All participants 

completed pulmonary function testing, an arm ergometry test to exhaustion, and a sub-

maximal exercise test consisting of four-minute stages at 20, 40, 60, and 80 % peak work 

rate. Able-bodied individuals completed a further sub-maximal test with work rate 

matched to C-SCI. C-SCI had lower peak work rate (67 ± 23 vs. 144 ± 28 W vs. p<0.001) 

and V̇O2peak (17.7 ± 3.9 vs. 32.0 ± 4.4 mL.kg.min-1, p<0.001) than able-bodied 

participants and a limited peak HR (128 ± 19 vs. 168 ± 7 bpm, p<0.001) and V̇E (52 ± 22 

vs. 111 ± 27 L.min-1, p=0.002). During work rate matched sub-maximal exercise, C-SCI 

had smaller VT (main effect p<0.001) compensated for by an increased respiratory 

frequency (FR) (main effect p=0.009). C-SCI had increased EELV at 80% peak work rate 

vs. rest (all p<0.003), whereas able-bodied did not. In conclusion, individuals with C-SCI 

exhibited an altered ventilatory pattern during exercise characterized by a reduced VT, 

higher FR, and dynamic hyperinflation, that, combined with a limited peak HR, likely 

contribute to the observed reduced exercise capacity and V̇O2peak.  
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3.1. Introduction 

Respiratory and cardiovascular responses to exercise are often reported to be 

significantly impaired following C-SCI compared to those observed in able-bodied 

individuals [12,144]. For example, while peak V̇E in able-bodied athletes may approach 

or even exceed 150 L.min-1 during lower-limb exercise, athletes with C-SCI have a 

V̇Epeak of approximately 50 L.min-1 during upper-limb exercise [69,145]. Typically, 

these differences have been ascribed to the loss of neural drive to key locomotor and 

respiratory muscles, and a neurally impaired cardiovascular response to exercise [97]. 

However, the physiological responses to lower- and upper-limb modalities differ in able-

bodied individuals. At a given submaximal V̇O2, arm exercise elicits larger increases in 

HR, BP, blood lactate and V̇E but a lesser increase in LVSV [146,147]. While leg O2 

extraction may reach as high as 92 % in athletes, peak arm extraction is ~75 % despite 

similar conditions for O2 off-loading [85,93]. As such, extrapolating and applying our 

knowledge of lower-limb exercise responses to interpret the cardiopulmonary responses 

to upper-limb exercise in C-SCI is impractical. 

During lower-limb exercise in able-bodied individuals, the pulmonary response is 

characterized by VT expansion to facilitate O2 delivery to, and CO2 removal from, the 

circulation. This expansion in VT is due to a reduction in EELV and an increase in EILV 

due to increased recruitment of expiratory and inspiratory muscles, respectively [148]. 

During arm ergometry in athletes with C-SCI, however, a paradoxical increase in EELV 

is typically observed (i.e. dynamic hyperinflation) [69,145], that, in able-bodied 

individuals performing leg exercise with external expiratory resistance, drives an increase 

in EILV and has been associated with dyspnea and reductions in LVEDV and LVSV 

[129,149]. While previously we have ascribed dynamic hyperinflation in C-SCI to an 

inability to recruit muscles of active expiration and generate the appropriate expiratory 

flow subsequent to the loss of neural drive to key expiratory muscles, a recent study 

suggested that able-bodied individuals performing arm-ergometry also exhibit dynamic 

hyperinflation [89]. This raises the question – to what degree, if any, is dynamic 

hyperinflation a consequence of C-SCI? And to what degree is it due to the mode of 

exercise? To date, no studies have directly compared changes in exercising lung volumes 

during arm ergometry between individuals with C-SCI and able-bodied individuals. 
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The purpose of the present study was two-fold; (i) to compare and contrast 

the cardiovascular and pulmonary responses to maximal and sub-maximal arm ergometry 

in able-bodied individuals and highly trained individuals with C-SCI, and (ii) to examine 

differences in lung volumes during sub-maximal upper-limb exercise in able-bodied 

individuals and those with C-SCI. We hypothesized that participants with C-SCI would 

(i) have a reduced V̇O2peak and peak work rate, as well as lower HRpeak and peak VT, 

and (ii) exhibit dynamic hyperinflation during arm ergometry exercise. 

 

3.2. Methods 

3.2.1. Participants 

 
Table 1: Participant Demographics 

 

* indicates p=0.001 vs. able-bodied.  

 

Abbreviations: C-SCI, cervical spinal cord injury; TSI, time since injury; LOI, level of 

injury; AIS, American Spinal Injury Association Impairment Scale. 

 

10 highly trained individuals with C-SCI (9M/1F, 36 ± 6 years) and 10 

recreationally active able-bodied controls matched for age, sex, and height (9M/1F, 32 ± 

4 years) completed the study (Table 1). C-SCI participants trained for and competed in 

wheelchair rugby, wheelchair tennis, and/or wheelchair athletics, with six of the 

individuals with C-SCI having competed at the international level while the remaining 

four at the national level. Able-bodied controls were recruited from the local University 

 
Sex 

 

Age 

(years) 

Stature 

(m) 

Mass 

(kg) 

TSI 

(mths) 

LOI 

 

AIS 

 

Able-

bodied 
9M/1F 32±4 1.81±0.07 79.7±10.4    

C-SCI 9M/1F 36±6 1.79±0.08 68.2±7.2* 169±67 C5-7 

3A/

6B/

1C 
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and surrounding area. Height was self-reported by all participants, and participants with 

C-SCI self-reported time since injury. Level and severity of injury are reported according 

to the ISNCSCI [7]. All participants were free of known cardiovascular and respiratory 

disease unrelated to C-SCI. Each participant gave written informed consent and all 

experimental procedures were approved by The University of British Columbia’s clinical 

research ethics board (H19-03829) and conformed to the Declaration of Helsinki, except 

for registration in a database. Participants abstained from caffeine for four hours as well 

as alcohol and exercise for 12 hours prior to participation. 

 

3.2.2. Experimental overview 

During a single visit to the laboratory, participants with C-SCI were first assessed 

for resting pulmonary function and the cardiopulmonary responses to maximal 

incremental arm-crank exercise test. Following at least 30 minutes of rest, participants 

completed a sub-maximal incremental arm-crank test at 20, 40, 60, and 80 % of the peak 

work rate achieved during the maximal test. Able-bodied participants completed all 

procedures across two visits to the laboratory. On the first visit, able-bodied controls 

performed resting pulmonary function, followed by a sub-maximal exercise test at the 

mean absolute sub-maximal work rates for the C-SCI group, followed by a maximal 

incremental exercise test. Following a minimum of two days, able-bodied participants 

performed a sub-maximal incremental exercise test at 20, 40, 60, and 80 % of their own 

peak work rate achieved during the maximal test. In this way, we were able to compare 

the cardiopulmonary responses to exercise between able-bodied individual and those with 

C-SCI during maximal exercise, relative intensity sub-maximal exercise, and the same 

absolute sub-maximal workload. 

 

3.2.3. Resting pulmonary function 

Spirometry and lung volumes were assessed at rest prior to exercise (Quark 

CPET, Cosmed, Rome, Italy). In accordance with ATS/ERS standards for spirometry in 

SCI [150,151], a minimum of three slow vital capacity (SVC) maneuvers were performed 

to determine VC, and expiratory and inspiratory reserve volume. Further, a minimum of 

three forced vital capacity (FVC) maneuvers were performed to determine FVC, FEV1, 
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and PEF. A multi-breath nitrogen washout test was performed to determine TLC and RV 

in accordance with ATS/ERS standards for the assessment of lung volumes [141]. 

 

3.2.4. Maximal exercise test 

Participants performed a graded arm ergometer test to exhaustion on an 

electronically braked arm ergometer (Angio Rehab arm ergometer, Lode, Groningen, the 

Netherlands). Breath-by-breath cardiopulmonary measures (Quark CPET, Cosmed, 

Rome, Italy) and beat-by-beat HR (Garmin, Schaffhausen, Switzerland) were recorded 

throughout the procedure. Following two minutes rest, participants cycled at an initial 

work rate of 0W that was increased by 5 W.min-1 for C-SCI or 10 W.min-1 for able-

bodied individuals until volitional fatigue. ratings of perceived exertion (RPE) (Borg 6-20 

scale [152]) were collected in the final 10 seconds of each stage. All variables are 

reported as rolling 30 second averages sampled at 10 second [153]. 

 

3.2.5. Sub-maximal exercise test 

Participants performed a graded sub-maximal exercise test on an electronically 

braked arm ergometer (Angio Rehab arm ergometer, Lode, Groningen, the Netherlands). 

The test consisted of four, four-minute stages at 20, 40, 60, and 80 % of the peak work 

rate achieved during the maximal exercise test. All indices were collected breath-by-

breath and reported as the average over a 30 second epoch. Two IC maneuvers were 

performed during the final minute of each stage where, following a normal exhalation, 

participants inspired to TLC. IC maneuvers are a simple and reliable method for 

estimating changes in EELV assuming no change in TLC during exercise [154]. This 

technique has previously been used in SCI during exercise by our group [145]. The 

volume trace was inspected to ensure consistent EELV prior to the maneuver as well as a 

‘levelling off’ of the volume trace during the maneuver, indicating that the participant 

had reached TLC and given a maximal effort. The largest correctly performed IC was 

subtracted from TLC to determine EELV. EILV was calculated as EELV plus the 

average VT over the 30 seconds preceding the first IC maneuver. RPE was reported in 

the final 10 seconds of each stage. 
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Additionally, prior to the maximal exercise test performed on the first visit to the 

laboratory, able-bodied controls performed a sub-maximal exercise test at 20, 40, 60, and 

80% of the mean maximum work rate achieved by individuals with C-SCI during the 

maximal exercise test (i.e. work-rate matched exercise test). This test followed the same 

procedures as the sub-maximal exercise test described above. A minimum of fifteen 

minutes was required between the end of this assessment and the start of the maximal 

exercise test. 

 
3.2.6. Statistics 

Between group differences in pulmonary function and volumes, as well as peak 

cardiopulmonary indices recorded during the maximal arm ergometry test were assessed 

by independent samples t-tests. Between and within group differences in operating lung 

volumes as well as in cardiopulmonary responses during relative and work rate matched 

sub-maximal exercise tests were analyzed using two-factor analysis	 of	 variance 

(ANOVA) (group x workload). In the presence of a significant workload or interaction 

effect, Tukey post-hoc analyses were conducted to determine specific effects. All results 

are presented as mean ± standard deviation (SD). 

 

3.3. Results 

3.3.1. Resting pulmonary function 

Resting pulmonary function is reported in Table 2. Compared to able-bodied 

controls, highly trained individuals with C-SCI had a smaller TLC (p=0.049), IC 

(p=0.001), and IRV (p=0.004), but a larger RV (p=0.005). PEF, FVC, and FEV1 (all 

p<0.004) were reduced following C-SCI whereas FEV1/FVC was larger (p=0.006) (see 

Table 2). 
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Table 2: Resting Pulmonary Function 

 

 Able-bodied C-SCI 

FRC (L) 
3.25±0.58 

(95±14) 

3.48±0.84 

(102±22) 

TLC (L) 
7.70±1.18 

(105±11) 

6.74±0.86 

(95±9)* 

RV (L) 
1.43±0.40 

(77±21) 

2.54±1.03 

(134±50)* 

FVC (L) 
6.16±1.07 

(118±10) 

4.15±0.91  

(85±19)* 

FEV1 (L) 
4.79±0.89 

(110±12) 

3.55±0.77 

(87±19)* 

FEV1/FVC (%) 78±5 85±5* 

PEF (L.s-1) 
10.09±1.70 

(104±12) 

7.32±1.55 

(78±17)* 

ERV (L) 
1.82±0.53 

(116±31) 

0.94±0.34 

(64±25)* 

IC (L) 
4.45±0.75 

(115±14) 

3.26±0.65 

(89±18)* 

IRV (L) 3.32±0.80 2.31±0.54* 

 

* indicates p<0.05 vs. able-bodied.  

Abbreviations: C-SCI, cervical spinal cord injury; ERV, expiratory reserve volume; 

FEV1, forced expiratory volume in one second; FRC, functional residual capacity; FC, 

forced vital capacity; IC, inspiratory capacity; IRV, inspiratory reserve volume; PEF, 

peak expiratory flow; RV, residual volume; TLC, total lung capacity 
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3.3.2. Maximal exercise test 

Peak values recorded during the maximal exercise test are reported in Table 3. C-

SCI achieved a lower peak work rate and V̇O2peak but a similar respiratory exchange  

 

Table 3: Peak Values During Maximal Exercise Test 

 Able-bodied C-SCI 

Work Rate (W) 144±28 67±23* 

V̇O2 (mL.kg.min-1) 32.0±4.4 17.7±3.9* 

V̇O2 (L.min-1) 2.55±0.51 1.22±0.33 

V̇CO2 (L.min-1) 3.00±0.59 1.45±0.42* 

RER 1.22±0.07 1.23±0.09 

V̇E (L.min-1) 111±27 52±22* 

VT (L) 2.52±0.62 1.33±0.37* 

FR (b.min-1) 51±10 48±10 

V̇E/ V̇O2 45.9±7.7 45.9±8.4 

V̇E/ V̇CO2 38.9±6.6 38.4±4.3 

IV/Ti (L.s-1) 4.02±0.97 1.87±0.79* 

VT/Te (L.s-1) 3.60±0.92 1.64±0.72* 

HR (bpm) 168±7 128±18* 

V̇O2/HR (mL.beat-1) 15.7±2.7 9.8±2.0* 

PETO2 (mmHg) 122±4 122±4 

PETCO2 (mmHg) 32±4 32±3 

RPE 20±1 19±2* 
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*indicates p<0.05 vs. able-bodied. All values are peak except for PETCO2 which is the 

nadir value. 

 

Abbreviations: C-SCI, cervical spinal cord injury; FR, breathing frequency; HR, heart 

rate; IV, inspiratory volume; PETO2, partial pressure of end-tidal oxygen; PETCO2, 

partial pressure of end-tidal carbon dioxide; RER, respiratory exchange ratio; RPE, rating 

of perceived exertion; Ti, inspiratory time; Te, expiratory time; V̇E, minute ventilation; 

V̇O2, oxygen uptake; V̇CO2, carbon dioxide production; VT, tidal volume. 

 

ratio. Based on available reference values for V̇O2peak and peak work rate in untrained 

men with C-SCI of any severity [155], the mean values for C-SCI in the present study are 

firmly in the ‘Excellent’ category (i.e. >15.18 ml.kg.min-1 and >35 W, respectively). 

 

Able-bodied individuals achieved a peak V̇E that was more than two-fold higher 

than C-SCI (p=0.002) due solely to a larger VT (p=0.001) as peak FR was similar 

between-groups (see Table 3). Able-bodied individuals also achieved peak inspiratory 

and expiratory flows that were more than twice that achieved by C-SCI (both p<0.003). 

Both peak HR (p=0.004) and V̇O2.HR-1 (p<0.001) were reduced in C-SCI (see Table 3). 

There were no significant differences in peak values for ventilatory equivalents, end-tidal 

partial pressure of oxygen (PETO2), Or end-tidal partial pressure of carbon dioxide 

(PETCO2). 

 

3.3.3. Relative sub-maximal exercise test 

Operating lung volumes during sub maximal exercise are shown in Figure 9A. 

There was an interaction effect for EELV (p<0.001), wherein EELV increased 

throughout sub-maximal exercise in C-SCI but decreased in able-bodied individuals. 

Post-hoc comparisons revealed that EELV was significantly higher at 80 % of peak work 

rate in SCI compared to able-bodied (63 ± 9 vs. 45 ± 5 %TLC, p<0.001).  Dynamic 

hyperinflation in C-SCI was additionally characterized by an increase in EELV at 80 % 

peak work rate (63 ± 9 %TLC) relative to rest (57 ± 9 %TLC, p=0.003), 20% (56 ± 10 

%TLC, p<0.001), and 40% (57 ± 12 %TLC, p=0.003). In able-bodied, EELV was lower 
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at all exercise work rates compared to rest (all p<0.02). EILV increased with work rate in 

both groups but was not different at any work rate between groups. At 80 % peak work 

rate, there was no significant difference between C-SCI and able-bodied groups for EILV 

(78 ± 7 vs. 77 ± 5 %TLC) or IRV (1.49 ± 0.55 vs. 1.81 ± 0.65 L). 

 

 
Figure 9: Lung volumes during sub-maximal exercise 

End-inspiratory (EILV) and end-expiratory (EELV) lung volumes during relative sub-

maximal exercise test (Panel A) and work-rate matched sub-maximal exercise test. (Panel 

B). Symbols below data refers to EELV, symbols above data refers to EILV. For Panel 

A, EILV top symbols refer to C-SCI. a indicates p<0.05 vs. 0 %, b indicates p<0.05 vs. 20 

%, c indicates p<0.05 vs. 40 %, d indicates p<0.05 vs. 60 %, * indicates p<0.05 vs. AB. 

 

Abbreviations: AB, able-bodied; C-SCI, cervical spinal cord injury; EELV, end-

expiratory lung volume; EILV, end-inspiratory lung volume; TLC, total lung capacity. 

 

The cardiopulmonary responses to sub-maximal exercise are reported in Figure 

10. V̇O2 (L.min-1) increased linearly with work rate for both groups (Figure 10A) but was 

higher in able-bodied individuals at 40, 60, and 80 % peak work rate. (all p<0.001). HR 

accelerated more in able-bodied in response to increases in work rate (group×work rate 

p<0.001, Figure 10B) and was significantly higher in the able-bodied group at both 60 

and 80 % peak work rate.  
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Figure 10: Comparison of able-bodied and C-SCI during relative sub-maximal exercise 

Dashed line represents able-bodied and solid line represents C-SCI individuals. Top 

symbols refer to able-bodied, bottom symbols refer to C-SCI. a indicates p<0.05 vs. 0 %, 
b indicates p<0.05 vs. 20 %, c indicates p<0.05 vs. 40 %, d indicates p<0.05 vs. 60 %, * 

indicates p<0.05 vs. able-bodied. 

 

Abbreviations: C-SCI, cervical spinal cord injury; FR, breathing frequency; HR, heart 

rate; PETCO2, partial pressure of end-tidal carbon dioxide; V̇E, minute ventilation; V̇O2, 

oxygen uptake; VT, tidal volume. 

 

V̇E was greater in able-bodied individuals at 40, 60, and 80% peak work rate 

(Figure 10D, all p<0.001) despite similar FR (Figure 10E) and percentage of time spent in 

the inspiratory phase of respiration between groups at each work rate. This was due to 

stepwise increases in VT at each work rate in able-bodied individuals, whereas in C-SCI 
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VT was only different between rest and 80% (0.70 ± 0.16 vs. 1.03 ± 0.30 L, p=0.042, see 

Figure 10F). The higher VT in able-bodied participants was accompanied by greater 

inspiratory and expiratory flow (both main effect p<0.001). There were no significant 

differences in ventilatory equivalents or the PETO2 between groups, however there was 

an interaction effect for PETCO2 (p=0.012, Figure 10I).  

 

3.3.4. Work-rate matched sub-maximal exercise test 

Operating lung volumes at matched absolute work rates are shown in Figure 9B. 

For a given work rate, C-SCI had both a higher EELV (main effect p=0.002) and EILV 

(main effect p=0.009). Within the able-bodied group EELV was lower than rest at each 

exercising work rate (all p<0.03). 

 

 
 

Figure 11: Comparison of able-bodied and C-SCI during work matched sub-maximal 

exercise 
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Dashed line represents able-bodied and solid line represents C-SCI individuals . Top 

symbols refer to able-bodied, bottom symbols refer to C-SCI. a indicates p<0.05 vs. 0 %, 
b indicates p<0.05 vs. 20 %, c indicates p<0.05 vs. 40 %, d indicates p<0.05 vs. 60 %, * 

indicates p<0.05 vs. able-bodied. 

 

Abbreviations: C-SCI, cervical spinal cord injury; FR, breathing frequency; HR, heart 

rate; PETCO2, partial pressure of end-tidal carbon dioxide; V̇E, minute ventilation; V̇O2, 

oxygen uptake; VT, tidal volume. 

 

The cardiopulmonary responses to work rate matched exercise are reported in 

Figure 11. At similar work rates there were no differences in V̇O2 between groups, 

however HR was higher in C-SCI (main effect p=0.047, Figure 11B) and therefore 

V̇O2.HR-1 lower (main effect p<0.001, Figure 11C). RPE was higher in C-SCI compared 

to able-bodied at 40, 60, and 80 % of the peak C-SCI work rate (main effect p<0.001) and 

increased more for a given increase in work rate (group×work rate p<0.001). 

V̇E increased with work rate for both groups but was not different between groups 

(Figure 11D). C-SCI achieved an increase in V̇E by a higher FR (main effect p=0.009, 

Figure 11F) and a lower VT (main effect p<0.001, Figure 11F) compared to able-bodied 

individuals. All other indices were not different between groups.  

 

3.4. Discussion 

This study examined the effects of C-SCI on the cardiopulmonary responses 

to exercise during both maximal and sub-maximal arm ergometry compared to able 

bodied individuals. The major novel finding was that individuals with C-SCI exhibit 

altered ventilatory patterns during exercise and dynamic hyperinflation. Dynamic 

hyperinflation may have implications for exercise performance via increased dyspnea or 

due to its known effects on central hemodynamics. 

 

3.4.1. How does C-SCI impact the cardiopulmonary response to maximal exercise? 

In the present study, able-bodied V̇O2peak was 8% higher than reported in 

previous studies of recreationally active able-bodied individuals performing arm 
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ergometry [89] and was 109 % higher than the highly-trained C-SCI group. Peak V̇E and 

VT in the able-bodied group were higher than previously reported during arm ergometry, 

whereas the fractional inspiration time (Ti/Ttot), FR, and HRpeak were similar [89,156]. 

Relative to able-bodied individuals, V̇Epeak was lower in C-SCI due entirely to a 

severely reduced VT. These differences in breathing patterns are likely due to the loss of 

supraspinal control to the primary muscles of active expiration, the rectus abdominus, 

that receive neural drive via the T4-T11 spinal nerves [11]. Alternatively, adopting a 

rapid, shallow breathing pattern may act to optimize airway mechanics following C-SCI 

if the metabolic cost of increasing FR and inspiratory flow rates is proportionally less than 

the cost of dynamically hyperinflating. 

Peak values for HR and V̇O2 /HR (O2 pulse; a surrogate for LVSV [157]) were 

substantially reduced following C-SCI compared to able-bodied individuals, implying a 

reduction in maximal Q̇.  This reduction in both the chronotropic and estimated 

volumetric response to incremental exercise is the result of a injury to the descending 

sympathetic spinal pathways following C-SCI [97]. Previous research has shown that 

injury to these pathways leads to a neurologically limited HR, impaired LVSV response, 

an impaired thermoregulatory capacity, and exercise induced hypotension, that culminate 

in reduced exercise performance compared to athletes with C-SCI in which these 

pathways are intact (i.e., individuals with an autonomically incomplete C-SCI) 

[97,98,158,159]. Although local muscle factors rather than Q̇ likely limit aerobic capacity 

in able-bodied arm ergometry [156], previous evidence suggests that cardiac factors are 

the primary limitation to VO2peak in highly trained individuals with C-SCI who have 

smaller left ventricular volumes [39] and an impaired volumetric response to exercise 

[160]. 

 

3.4.2. How does C-SCI impact operating lung volumes during sub-maximal exercise? 

Using the standard definition of dynamic hyperinflation (i.e. an increase in EELV 

above resting values as exercise work rate increases [161]), we observed a clear pattern 

of dynamic hyperinflation during incremental exercise in C-SCI but not in able-bodied 

individuals. Previously, Tiller et al [89] observed a higher EELV at peak exercise during 

arm vs. leg ergometry in able-bodied individuals but it did not appear to be significantly 
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different to resting EELV. In that study, at work rates that elicited 80 % or less V̇Epeak, 

EELV followed a similar pattern during both arm and leg ergometry and the lower VT 

during arm ergometry was reflected by a non-significant reduction in EILV [89]. We 

believe that the reported similar EELV in arm and leg ergometry in able-bodied 

individuals supports our findings that it is C-SCI that causes dynamic hyperinflation 

rather than the arm ergometry modality. 

In able-bodied individuals, dynamic hyperinflation during intense exercise 

may be beneficial as it permits an increase in expiratory flow by offsetting EFL, however 

this may lead to an increased EILV, increased elastic work of breathing, early fatigue of 

the inspiratory muscles, an increase in dyspnea, and/or impaired LV filling and output 

[129,149]. Dynamic hyperinflation in C-SCI is likely due to the loss of supraspinal 

control over the rectus abdominus, reduced expiratory flow, and the neural initiation of 

inspiration before the end of the previous expiration. While previous work in able-bodied 

individuals has suggested that pre-fatiguing the expiratory muscles does not lead to 

dynamic hyperinflation [162], the effect of pre-fatigue on abdominal muscle strength is 

far less severe than the loss of supraspinal neural drive experienced following C-SCI. 

Prior studies that have investigated pulmonary limitations to exercise in athletes with 

cervical SCI found no evidence of EFL or respiratory muscle fatigue [95]. This implies 

that the dynamic hyperinflation that occurs in C-SCI is likely a mechanical response to 

augment expiratory flow to meet ventilatory demand in the face of expiratory muscle 

paralysis, rather than to compensate for ‘impending’ EFL as is typically the case in able-

bodied individuals [163]. Though previous work has found that pre-fatiguing the rectus 

abdominus does not induce dynamic hyperinflation[162], the loss of supraspinal drive to 

these muscles surely has a far greater impact. Indeed, interventions that facilitate a higher 

expiratory flow by strengthening the accessory muscles of expiration or re-enforcing the 

abdominal wall, such as combined inspiratory and EMT [145] or abdominal binding [69] 

respectively, have been shown to both reduce the degree of dynamic hyperinflation in 

athletes with C-SCI and enhance exercise capacity. 
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3.4.3. How does C-SCI impact the cardiopulmonary response to sub-maximal exercise? 

During work rate matched exercise, C-SCI had a lower O2 pulse despite a similar 

V̇O2 response. If we assume steady-state O2 extraction to be similar between groups this 

indicates a smaller LVSV in C-SCI that was compensated for by an increased HR to 

achieve the metabolic demands of exercising muscles. This fits with our understanding of 

C-SCI in which there is a loss of descending sympathetic pathways that, among other 

factors, results in an impaired ability to increase LVSV due to the loss of sympathetic 

drive to the myocardium, but these individuals are able to increase HR via vagal 

withdrawal (up to ~130 bpm) [144,160]. Loss of supraspinal control over sympathetic 

pathways is further highlighted by the lower HR and O2 pulse during relative sub-

maximal exercise.  

In able-bodied individuals, though VT continues to increase with work rate 

during arm ergometry the magnitude of rise is curtailed compared to leg exercise at a 

given V̇E [89]. This is likely due to a reduced contribution of ribcage muscles to 

breathing and less negative inspiratory ITP at V̇O2peak during arm exercise [164]. The 

results of the present study show that compared to able-bodied individuals, C-SCI exhibit 

further altered ventilatory patterns during arm-exercise due to an inability to increase VT 

with increasing work rates, implying that increases in V̇E are achieved entirely by FR. 

Despite this seemingly less-efficient tachypneic breathing pattern in C-SCI there were no 

group differences in the ventilatory equivalents for CO2 or O2 at the same absolute work 

rate (see Figure 11G-H). Interestingly, during sub maximal exercise at the same relative 

intensities, FR was near identical between groups. FR is set by the integration of 

feedforward central command and feedback from chemoreceptors within the respiratory 

centres of the brainstem [165], the afferent arm of which exits the spinal cord at the C3-

C5 spinal level to initiate inspiration and therefore remains intact in the present study 

cohort [11]. Conversely, VT is calculated as the volume of air expired each breath and 

therefore is limited by an inability to recruit typical muscles of active expiration in C-

SCI. 
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3.4.4. Methodological considerations 

A novel aspect of the present study is that we recruited highly trained individuals 

with C-SCI. We chose to recruit highly trained individuals to examine the 

cardiopulmonary responses during higher absolute exercise intensities. While this is a 

strength in that it enables us to measure specific effects of C-SCI on the integrated 

cardiopulmonary responses to exercise, we accept that the conclusions drawn from the 

work may not be applicable to the wider C-SCI community. In fact, the data reported 

herein may represent a ‘best case scenario’ in terms of the maximal achievable 

cardiorespiratory stimulus that can be achieved during exercise for individuals with C-

SCI. It is presently unknown whether non-athletic individuals with C-SCI exhibit 

dynamic hyperinflation or whether the ventilatory demand is insufficient to induce such 

hyperinflation due to the lower power outputs and ventilation rates non-athletic 

individuals typically reach during exercise.    

Another consideration is that we were unable to match exact work rates due to the 

heterogeneity of peak work rates achieved by the C-SCI group (i.e. the SD for peak work 

rate in C-SCI was 23 W). To accommodate these differences, we believe the approach we 

took (to use the average work rate across all individuals with C-SCI) was the best to 

examine the cardiopulmonary response at similar work rates, but recognize it is a 

potential limitation in drawing conclusions from our work rate matched data.  

 

3.5. Conclusion 

C-SCI is a debilitating condition that impairs one’s ability to mount a normal 

response to exercise that is typically considered to be due to the loss of motor function. 

Here we have described the cardiovascular and pulmonary responses to maximal and sub 

maximal exercise in highly trained individuals with C-SCI that may act to limit aerobic 

capacity. In addition to a neurologically limited HR and an altered ventilatory pattern we 

have shown that individuals with C-SCI exhibit dynamic hyperinflation due to the nature 

of the injury itself rather than the modality on which they are typically tested. We have 

previously demonstrated that dynamic hyperinflation is associated with reductions in 

exercise capacity in C-SCI, the mechanisms of which are yet to be examined in this 

population.  
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Chapter 4: Expiratory loading alters left-ventricular filling in cervical spinal cord 

injury 

 

We assessed the cardiovascular and pulmonary responses to respiratory loading in 

individuals with motor-complete C-SCI to test the hypotheses that LVEDV would be 

increased and decreased by resistive inspiratory and expiratory loading, respectively. 

Participants with C-SCI (7M/1F, 35±7 years) were assessed under five randomized 

conditions during 45° head-up tilt; control, inspiratory loading with -10 and -20 cmH2O 

Pes on inspiration, and expiratory loading with +10 and +20 cmH2O Pes on expiration. 

An esophageal balloon catheter was placed to monitor Pes, and echocardiography used to 

assess left ventricular structure and function. Isocapnia was maintained by titrating CO2 

into inspired air.  

Compared to control (i.e., unloaded), +20 expiratory loading reduced LVEDV (88±11 vs. 

81± , p=0.006), whereas inspiratory loading had no effect. HR was higher during +20 

compared to control and both inspiratory loading conditions (all p<0.001). Compared to 

control, EELV as a percentage of TLC was higher during +20 (55 ± 13 vs. 63 ± 10 

%TLC, p=0.003), but was unaffected by inspiratory loading. End inspiratory lung volume 

was higher under all experimental conditions vs. control (all p<0.05), and higher under 

+20 compared to all other experimental conditions (all p<0.05). During both expiratory 

loading conditions, C-SCI generated more negative inspiratory Pes to achieve expiratory 

targets (both p<0.05 vs. control).  

These findings suggest that expiratory loading acutely alters left-ventricular filling in C-

SCI, potentially via mediastinal constraint and/or DVI subsequent to elevated lung 

volumes. Inspiratory loading, however, did not alter left-ventricular function.  
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4.1. Introduction 

Given their proximity within the thorax, it is understandable that heart and lung 

function is intricately linked. Though our understanding of how the heart and lungs 

function in unison in able-bodied individuals continues to progress [166], little is known 

as to how SCI impacts these interactions. C-SCI is a debilitating condition that has 

cardiovascular and respiratory consequences due to the loss of supraspinal sympathetic 

control over the heart and vasculature and the partial or full loss of motor drive to key 

respiratory muscles. Though resting cardiorespiratory function appears adequate to meet 

metabolic demand, the cardiorespiratory consequences of C-SCI become more apparent 

when these systems are placed under stress, such as during an orthostatic challenge or 

exercise [155,167]. 

At the onset of exercise in able-bodied individuals, cardiovascular centres within 

the brainstem send messages via the spinal cord to sympathetic pre-ganglionic neurons 

(SPN’s) that exit the cord between the first thoracic to second lumbar spinal level [22,24]. 

Excitation of SPN’s leads to increases in HR, cardiac contractility, sweat rate, and 

vasoconstriction to re-direct blood away from the abdomen towards exercising muscles 

[120,168,169]. In individuals with C-SCI these supraspinal messages do not reach SPN’s 

and as a result individuals may have a neurologically limited HR and experience blood 

pooling in the splanchnic vasculature resulting in an impaired LVSV. As such, the 

maximal achievable Q̇ is very low which has implications for O2 delivery to exercising 

muscles [100,144]. A similar inability to control splanchnic vasoconstriction also places 

these individuals at a heightened risk of orthostatic intolerance [167].  

 Both inspiratory and expiratory muscle strength are reduced in C-SCI compared 

to able-bodied values, however greater impairments are seen in the latter [9,11]. This 

discrepancy is because the primary muscle of inspiration, the diaphragm, receives neural 

input from the C3-C5 spinal nerves whereas the primary muscle of active expiration, the 

rectus abdominus, receives input from the T7-T11 spinal nerves. In addition to impairing 

cough and mucous secretions [170], expiratory muscle paralysis results in dynamic 

hyperinflation during exercise [69,145] characterized by an increase in EELV above 

resting values [171]. In able-bodied individuals, dynamic hyperinflation is associated 
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with dyspnea, exercise intolerance, and impaired left-ventricular filling and output 

[71,149,172].  

Alterations in respiratory muscle function following C-SCI may also change the 

within breath oscillations in ITP, with subsequent effect the heart. Specifically, in able-

bodied individuals, within breath reductions in ITP on diaphragmatic descent serves not 

only to draw atmospheric air into the lungs but also to increase the gradient for VR [66]. 

At the same time, inspiration reduces both LVEDV and LVSV due to a leftward shift of 

the intraventricular septum [45,46]. Though, within ~2-3 heart beats the septum returns to 

its neutral position and LVEDV is restored [173]. Typically, at rest in healthy individuals, 

the opposite is observed on expiration, and thereby balances out Q̇ across the respiratory 

cycle [75]. Considering that C-SCI is associated with poor VR, due to venodilatation, 

reduced blood volume, an impaired muscle pump, and reduced contractile function [174], 

we reason that changes in ITP may take on an even more important role in mobilizing 

blood from the abdomen and may provide one of the only intact mechanisms by which 

VR can be effectively manipulated without the need of an external aid (e.g., an 

abdominal binder of anti-gravity suit) [69,119]. Despite this potential added significance, 

no studies have formally investigated how changes in ITP affect the heart in people with 

SCI. 

The aim of the present study, therefore, was to examine the cardiac response to 

changes in inspiratory and expiratory pressures in individuals with C-SCI. We 

hypothesised that (i) inspiratory resistance that elicits more negative inspiratory Pes (a 

surrogate for ITP) would facilitate an increase in LVEDV in individuals with C-SCI, and 

that (ii) progressive increases in expiratory resistance would decrease LVEDV in 

individuals with C-SCI. 

 

4.2. Methods 

Eight individuals with motor-complete C-SCI (7M/1F, 35 ± 7 years) completed 

the present study (Table 4). Body mass was measured by a wheelchair scale and 

participants self-reported height, age, and the severity and completeness of injury. 

 

 



 
 

54 

 

Table 4: Participant Demographics 

ID 

 

Sex 

 

Age 

(years) 

Stature  

(m) 

Mass 

(kg) 

LOI 

 

AIS 

 

9 M 35 1.86 69.20 C6 A 

10 M 34 1.90 70.95 C5 B 

11 F 26 1.73 64.60 C5 B 

12 M 42 1.78 77.50 C7 B 

13 M 34 1.75 80.35 C7 B 

14 M 44 1.85 73.10 C5 A 

15 M 37 1.73 65.00 C6 A 

16 M 26 1.73 60.00 C6 B 

Mean 

±SD 
7M/1F 

35  

± 7 

1.79  

± 0.07 

70.1  

± 6.9 
  

 

Abbreviations: AIS, American Spinal Injury Association Impairment Scale[7]; LOI, level 

of injury. 

 

4.2.1. Resting pulmonary function 

 Pulmonary function was assessed in accordance with standards of the ATS/ERS 

[141,150,151]. SVC, FVC, and nitrogen washout tests were performed as described 

previously [145]. To assess inspiratory and expiratory muscle strength (PImax and 

PEmax, respectively), participants performed three maximal inspiratory and expiratory 

maneuvers (from FRC and TLC, respectively, CD280 Multi-Channel Carrier 

Demodulator & DP15 Variance Reluctance Pressure Sensor, Validyne Engineering, 

Northridge, CA). Pressure signals were amplified, A/D converted (PowerLab 16SP, AD 

Instruments; Colorado Springs, CO, USA), sampled at 1000 Hz, and monitored online 

using data acquisition software (LabChart v8.1, AD Instruments; Colorado Springs, CO). 

Respiratory muscle testing followed ATS/ERS recommendations [175]. Values are 

reported as absolute and as a percentage of able-bodied predicted values for both mouth 

pressures [176] and lung volumes [18]. 
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4.2.2. Esophageal pressure 

Pes was measured with a balloon tipped catheter (no. 47-9005, Ackrad 

Laboratory, Cranford, NJ) as described elsewhere [177] and used as a surrogate for ITP. 

The catheter was connected to the same experimental set up as for the assessment of 

respiratory muscle strength. 1 mL of air was injected into the balloon [142] and the 

catheter was withdrawn until the first negative pressure deflection during a series of 

sniffs indicating the balloon had entered the esophagus. The catheter was withdrawn an 

additional 10 cm to the lower one-third of the esophagus and correct placement 

confirmed with the occlusion technique [143].  

Following placement of catheter, participants were transferred to the semi-

recumbent position – i.e. 45° head up tilt at the hips. Participants completed five 

experimental conditions (~8-10 minutes each); a control condition followed by four 

randomized conditions - two inspiratory, and two expiratory loading conditions. During 

inspiratory loading conditions participants were required to achieve Pes of -10 or -20 

cmH2O on inspiration. During expiratory loading conditions they were required to 

achieve expiratory Pes of +10 and +20 cmH2O.  To aid participants in reaching the 

required Pes while limiting changes in VT a two-way non-rebreathing mouthpiece 

(Model 2700, Hans Rudolph, KS) with custom-built resistors was used and Pes was 

displayed in real time on a screen for participants. A metronome was used to maintain 

Ti/Ttot at 0.50 and FR at 15 breaths.min-1. Participants rested five minutes between each 

condition. 

 

4.2.3. Cardiorespiratory indices and operating lung volumes 

The two-way non-rebreathing mouthpiece was connected in sequence with a 

metabolic cart (Quark CPET, Cosmed, Rome, Italy) that monitored cardiorespiratory 

indices breath-by-breath. Following three minutes and at the end of each condition, 

participants were prompted to perform an IC maneuver. This was used to calculate EELV 

(TLC–IC), and EILV  EELV+VT). Dyspnea (0-10 Modified Borg Dyspnea Scale [178]) 

was assessed immediately following the completion of each condition. 

Due to the effects of changes in CO2 tension on cardiac function [179,180], 
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PETCO2 was monitored breath-by-breath (Quark CPET, Cosmed, Rome, Italy) 

throughout each loading condition and 100 % CO2 was added to the inspired air to 

maintain isocapnia (CD M-AQ, Praxair, Guildford, United Kingdom). 100 % CO2 was 

connected in sequence via a regulator (PRS10097502320, Praxair, Guildford, United 

Kingdom), flowmeter (PRSFM4492, Praxair, Guildford, United Kingdom), and hose 

tubing to a mixing chamber (ParvoMedics’, Utah, USA) where it was added to room air 

and connected to the inspiratory side of the two-way non-rebreathing apparatus (Model 

2700, Hans Rudolph, Kansas, USA) by hose tubing (ParvoMedics’, Utah, USA). Target 

PETCO2 was individualized based on values during the control condition. 

 

4.2.4. Cardiovascular function 

Following the first IC maneuver during each condition, cardiac images were 

collected using two-dimensional echocardiography (Vivid I; GE Healthcare, 

Buckinghamshire, UK) as described previously [145]. Imaging was performed by a 

trained research sonographer (AMW) and analyzed offline (EchoPAC; GE Healthcare, 

Horten, Norway) by a single blinded investigator. LV end-systolic wall stress (LVESWS) 

was estimated as a surrogate for LV afterload as described elsewhere [181] (Equation 1). 

Images were analyze and reported as the mean of three consecutive cardiac cycles for 

each metric. While all attempts were made to analyze inspiratory and expiratory cycles to 

account for respiratory cycle modulation of LV function, this was not always possible 

due to lung incursion into the echo window and/or differences in HR across conditions. 

SBP, DBP, and HR were assessed each minute via an automated sphygmometer 

(Dinamap Carescape V100; GE Healthcare, Buckinghamshire, UK). 

 

 

Equation 1. 

LVESWS = LVSD*(ESCA/ESMA) where: 

LVSD = 0.9*SBP  

ESCA  = π(LVIDs/2)^2  

ESMA = {π[(PWTs + LVIDs + IVSTs )/2]^2 − π(LVIDs /2)^2} 
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Abbreviations: ESCA, end-systolic cavity area; ESMA, end-systolic myocardial area; 

IVSTs, intraventricular septal thickness at end systole; LVESWS, left ventricular end 

systolic wall stress; LVIDs, left ventricular internal diameter at end systole; LVSD, left 

ventricular systolic pressure; PWTs, posterior wall thickness at end systole; SBP, systolic 

blood pressure;  

 

4.2.5. Statistics 

Analyses were performed in Stata V.14 (StatCorp, College Station, Texas, USA). 

Differences between each of the loading conditions were assessed using a one way 

repeated ANOVA. One participant was unable to reach the required expiratory pressures 

during both expiratory loading conditions and another was unable to complete the +20 

condition. In the presence of a significant main effect, Tukey post-hoc analyses were 

conducted to determine between condition effects. Pes data is presented as mean ± SD 

peak and nadir pressures of each breath within condition. All data are presented as mean 

± SD. Significance was set at p<0.05. 

 

4.3. Results 

4.3.1. Respiratory mechanics and cardiorespiratory outcomes during loading 

Compared to able-bodied predicted values, resting pulmonary function was 

characterized by a similar TLC but larger RV and smaller ERV (Figure 12A). FVC and 

FEV1 were both equal to 80 % predicted values (3.96 ± 1.12 and 3.30 ± 0.96 L, 

respectively) whereas PEF was only 69 ± 22 % predicted (6.34 ± 2.02 L.s-1). PImax was 

comparatively less reduced (-95 ± 28 cmH2O, 87 ± 23 % predicted) than PEmax (63 ± 20 

cmH2O, 47 ± 14 % predicted). 
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Figure 12: Respiratory mechanics in response to loading 

(A) Resting lung volumes in C-SCI compared to able-bodied predicted values [18]. (B) 

Nadir inspiratory (squares) and peak expiratory (circles) Pes during each loading 

condition. (C) End-inspiratory (squares) and end-expiratory (circles) lung volumes prior 

to collection of echocardiographic images during each condition. a indicates p<0.05 vs. 

control, b indicates p<0.05 vs. -20, c indicates p<0.05 vs -10, d indicates p<0.05 vs. +10. 

Data is represented as mean±SD for Panel A & C and mean±SEM for Panel B for ease of 

comprehension.  

 

Abbreviations: C-SCI, cervical spinal cord injury; ERV, expiratory reserve volume; IC, 

inspiratory capacity; Pes, esophageal pressure; RV, residual volume; TLC, total lung 

capacity.  

 

During inspiratory loading, expiratory Pes was similar to control (i.e., no loading). 

During expiratory loading, however, participants generated significantly greater 

inspiratory Pes relative to control during the +10 (-6 ± 2 vs. -13 ± 2 cmH2O, p<0.001) 

and +20 ((-6 ± 2 vs. -16 ± 3 cmH2O, p<0.001) conditions (Figure 12B & Table 5). 

Each experimental condition resulted in a higher EILV compared to control (all 

p<0.030; Figure 12C & Table 5), and EILV during +20 was higher compared to all other 

experimental conditions (all p<0.023). Compared to control, EELV was higher in the +20 

condition (55 ± 13 vs. 63 ± 10 %TLC, p=0.003) implying dynamic hyperinflation. 

Neither EELV nor EILV were significantly different from pre- to post-echocardiography 

across conditions, therefore for clarity only pre-echocardiography values are presented in 

Figure 12C. 

Participants rated dyspnea during each experimental condition, other than -10, 

higher than control (all p<0.002, Table 5). Increases in inspiratory load (i.e. from -10 to -

20) increased dyspnea as did increases in expiratory load (both p<0.040). 

Select respiratory and metabolic outcomes are shown in Figure 13. VT was larger 

under all experimental conditions compared to control (all p<0.005, Figure 13B). VO2 

was higher during +20 than both -10 and +10 (477 ± 56 vs. 349 ± 62 vs. 361 ± 47 mL, 

both p<0.021, Figure 13C) but there were no differences between other conditions. 



 
 

60 

 

Table 5: Respiratory Mechanics and Dysnea Responses to Loading 

 

 
-20 -10 Control +10 +20 

Pes (nadir) 

(cmH2O)* 

-21 

± 1a 

-11 

± 0ab 

-6 

± 2 

-13 

± 2ab 

-16 

± 3abcd 

Pes (peak) 

(cmH2O)* 

0 

± 2 

0 

± 2 

1 

± 3 

10 

± 0abc 

20 

± 1abcd
 

Pes (tidal) 

(cmH2O)* 

21 

± 2a 

10 

± 2ab 

7 

± 1 

23 

± 2ac 

35 

± 2abcd 

EILV 

(%TLC)* 

76 

± 5a 

75 

± 11a 

66 

± 12 

78 

± 9a 

86 

± 6abcd 

EELV 

(%TLC)* 

58 

± 7 

57 

± 13 

55 

± 13 

58 

± 12 

63 

± 10abc 

IRV 

(L) 

1.61 

± 0.39a 

1.63 

± 0.70a 

2.24 

± 0.89 

1.42 

± 0.65a 

0.89 

± 0.48abcd 

IC 

(L) 

2.78 

± 0.38 

2.84 

± 0.75 

3.01 

± 0.91 

2.68 

± 0.73 

2.41 

± 0.64abc 

VT 

(L)* 

1.21 

± 0.26a 

1.21 

± 0.16a 

0.79 

± 0.07 

1.32 

± 0.21a 

1.52 

± 0.26a 

FR 

(breaths/min) 

14.9 

± 0.3 

14.9 

± 0.5 

15 

± 0.7 

15.4 

±1.2 

15.0 

± 0.2 

Dyspnea 

(0-10)* 

2.6 

± 1.1a 

1.2 

± 0.8b 

0.5 

± 0.5 

2.3 

± 1.8ac 

4.2 

± 2.2abcd 

 

* indicates main effect p<0.005 for condition, a indicates p<0.05 vs. control, b indicates 

p<0.05 vs. -20, c indicates p<0.05 vs. -10, d indicates p<0.05 vs. +10. Data is represented 

as mean ± SD. 
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Abbreviations: EELV, end-expiratory lung volume; EILV, end-inspiratory lung volume; 

FR, respiratory frequency; IC, inspiratory capacity; IRV, inspiratory reserve volume; Pes, 

esophageal pressure; TLC, total lung capacity; VT, tidal volume. 

 

 
Figure 13: Respiratory and metabolic responses to loading 

(A) Respiratory frequency, (B) tidal volume, (C) VO2, and (D) PETCO2 under each 

loading condition.. a indicates p<0.05 vs. control, b indicates p<0.05 vs. -20, c indicates 

p<0.05 vs -10, d indicates p<0.05 vs. +10..  

 

Abbreviations: PETCO2, end-tidal partial pressure of carbon dioxide; VO2, oxygen 

uptake. 

 

4.3.2. Cardiac function and hemodynamics 

Indices of cardiac function, structure, and geometry are presented in Table 6. 

LVEDV was significantly reduced during +20 compared to control and both inspiratory 
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loading conditions (all p<0.008) and during +10 compared to -20 (p=0.020, Figure 14A). 

Since LV end-systolic volume (LVESV, Figure 14C) responded similarly, there were no 

significant differences in LVSV between conditions. However, there was a trend for  

Table 6: Cardiac and Hemodynamic Responses to Loading 

 -20 -10 Control +10 +20 

End-diastolic volume 

(mL)* 

91 

± 14 

87 

± 17 

88 

± 11 

85 

± 12b 

81 

± 15abc 

End-systolic volume 

(mL)* 

40 

± 8a 

36 

± 10 

36 

± 6 

36 

± 7b 

33 

± 9abc 

Stroke volume 

(mL) 

51 

± 6 

51 

± 7 

52 

± 6 

49 

± 6 

48 

± 9 

Ejection fraction 

(%) 

57 

± 3 

59 

± 4 

59 

± 4 

59 

± 4 

58 

± 6 

Left-ventricular length (4C) 

(cm) 

8.4 

± 0.7 

8.6 

± 0.5 

8.6 

± 0.4 

8.6 

± 0.7 

8.7 

± 0.8 

Left-ventricular internal 

diameter at end-diastole (mm)* 

43 

± 8 

42 

± 6 

42 

± 8 

43 

± 5 

40 

± 3b 

Intra-ventricular septal thickness 

(mm) 

11 

± 2 

11 

± 2 

10 

± 2 

11 

± 2 

10 

± 2 

Posterior wall thickness 

(mm)* 

10 

± 2 

10 

± 1 

9 

± 1 

11 

± 2a 

10 

± 2 

Left-ventricular outflow tract 

velocity time integral (cm.s-1)* 

17.8 

± 3.0 

17.9 

± 3.4 

16.6 

± 2.0 

16.8 

± 4.1 

15.6 

± 1.4 

Systolic blood pressure  

(mmHg) 

123 

± 21 

123 

± 23 

115 

± 15 

128 

± 26 

128 

±17 

Diastolic blood pressure  

(mmHg) 

76 

± 15 

74 

± 16 

69 

± 11 

75 

± 12 

69 

± 13 

Heart rate 

(bpm)* 

73 

± 7 

73 

± 8 

75 

± 9 

82 

± 8 

93 

± 8abcd 

LVESWS 

(kilodyne⋅cm-2) 

37 

± 7 

34 

± 7 

35 

± 9 

35 

± 12 

34 

± 4 
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* indicates main effect p<0.005 for condition, a indicates p<0.05 vs. control, b indicates 

p<0.05 vs -20, c indicates p<0.05 vs. -10, d indicates p<0.05 vs. +10. Data is represented 

as mean±SD (note, n=6 only due to poor image quality in 2 individuals). 

 

Abbreviations: 4C, four chamber; C-SCI, cervical spinal cord injury; LVESWS, left 

ventricular end systolic wall stress. 

 

reduced left-ventricular outflow tract (LVOT) velocity time integral (VTI), a surrogate 

measure of LVSV, during +20 compared to -20 and -10 (p=0.053 and p=0.051, 

respectively). LVIDd was reduced during +20 compared to -20 (p=0.025) but did not 

reach significance vs. control (p=0.083, Figure 14D). 

There were no differences in mean SBP or DBP between conditions (Table 6). 

However we did observe increases in HR with expiratory loading, whereby +20 elicited a 

higher HR than all other conditions (all p<0.009). 
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Figure 14: Cardiac responses to loading 

(A) End-diastolic volume, (B) change in end-diastolic volume vs. control condition (%), 

(C) stroke volume, and (D) LVIDd under each loading condition.. a indicates p<0.05 vs. 

control, b indicates p<0.05 vs. -20, c indicates p<0.05 vs -10, d indicates p<0.05 vs. +10..  

 

Abbreviations: LVIDd, left-ventricular end-diastolic diameter at end diastole. 

 

4.4. Discussion 

The primary findings of the present study are that expiratory loading causes 

elevations in both EELV and EILV in individuals with C-SCI and is associated with 

reductions in LVEDV when expiratory Pes is equal to +20 cmH2O. Contrary to our 

hypothesis, we did not find that inspiratory resistance augmented cardiac volumes.  This 

may have specific implications for the cardiorespiratory response, and limitations, to 

exercise following C-SCI. 

 

The first major finding of this study was that during +20 we observed a 

significant reduction in LVEDV. It has been argued that in able-bodied individuals the 

single most important factor in determining LVSV, and thus aerobic exercise capacity, is 

LVEDV [182]. In C-SCI LVEDV is likely to be of even greater importance due to the 

inability to reflexively modulate other sympathetically mediated determinants of LVSV 

(i.e. HR, cardiac contractility and afterload). Though we did not intentionally design our 

protocol to cause hyperinflation per se, rather to increase Pes, the expiratory muscle 

paralysis associated with C-SCI caused all individuals to hyperinflate during the +20 

condition, which subsequently led to a significant higher EILV compared to all other 

conditions. Interestingly, EELV during +20 was similar to what we have observed in 

athletes with C-SCI completing high-intensity arm ergometry exercise, wherein we 

hypothesized that such hyperinflation may negatively impact LV filling and output [145]. 

Here we provide experimental evidence of this phenomenon, albeit under resting 

conditions, by demonstrating reduced LVEDV during expiratory loading. When 

considered with the observed trend for a reduced LVIDd during +20, we interpret the 

reductions in left-ventricular filling to be primarily due to mediastinal constraint (or 
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heart-lung interdependence) subsequent to increased in both EELV and EILV. That is, 

that with constant chest wall mechanical properties, lung inflation will constrain the 

ability of the heart to expand during diastole [56]. 

A further potential cause of hyperinflation that may act to reduce LVEDV is DVI, 

wherein an increase in right-ventricular pressure, volume, or compliance induces a 

leftward septal shift [49,50,71]. Increases in lung volumes elevate alveolar pressure and 

may compress intra-alveolar capillaries (i.e. respiratory zone 2 conditions), increase in 

pulmonary vascular resistance, and subsequently reduce LVEDV via SVI as well as 

increase right-ventricular pressure and a leftward septal shift [58,70]. The effects of lung 

hyperinflation on DVI have recently been demonstrated during both supine rest and 

exercise in able-bodied individuals [71,149]. Unfortunately, we did not collect the 

echocardiographic images required to assess the presence of DVI. Finally, hyperinflation 

may impede VR via compressive effects on the IVC, ultimately leading to reductions in 

LVEDV via SVI [50]. The consequences of hyperinflation on IVC flow has been 

demonstrated in patients with chronic obstructive pulmonary disease who may have a 

reversal of the normal respiratory modulation of VR (i.e. increased during expiration) 

[58]. We have previously demonstrated that interventions that reduce, or prevent, 

dynamic hyperinflation such as abdominal binding and RMT, also improve exercise 

capacity in C-SCI [69,145]. We had hypothesized that improved LV function may be one 

mechanism underpinning this improvement. The results of the present study provide 

supporting evidence of this phenomenon, though we accept that extrapolating data from 

the resting condition to exercise should be done with caution. 

During +20 we observed a significantly increased HR compared to rest that 

accompanied the reduction in LVEDV. In examining the cardiovascular response to 

submaximal exercise with expiratory loading in healthy canines, Miller et al (2006) 

reported a reduction in LVSV and compensatory increase in HR to maintain Q̇ [75]. 

While it may be attractive to suggest our findings of an increase in HR was a reflex 

response to a reduced left-ventricular output to maintain Q̇, we did not observe significant 

changes in LVSV. The increase in HR may have instead been due to one or more 

mechanisms. First, it may have been a response to an increased metabolic demand 

(Figure 13C) – possibly by the recruitment of auxillary expiratory muscles [16] – that 
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could not be met by an ability to increase LVSV due to the loss of sympathetic input 

[144] and/or the effects of dynamic hyperinflation discussed above. Second, the increase 

in HR may have been a vagally mediated cardio-acceletory response to lung inflation (i.e. 

respiratory sinus arrhythmia) [37]. 

The observed increase in LVESV during -20 was not anticipated. As mentioned 

above, in able-bodied individuals the leftward septal shift (and reduced LVEDV) that 

occurs during inspiration is attenuated following ~2-3 heart beats as the septum shifts 

back to its neutral position. However, with continued inspiration, LVSV remains reduced 

due to an increase in LVESV secondary to increased LV transmural pressure and 

afterload [173]. Notably, we observed increased LVESWS in 4/6 participants in whom 

we were able to collect images during -20. While more negative ITP increases afterload, 

expiratory increases in ITP will unload the LV [54,55], taken together this may explain 

why we observed significantly increased and decreased LVESV with inspiratory and 

expiratory loading, respectively, culminating in no significant changes in LVSV. 

 The second major finding of the present study was that C-SCI generated more 

negative inspiratory Pes to reach expiratory loading targets (Figure 12B). During 

conditions under which there is greater expiratory demand (such as exercise [183]), able-

bodied individuals are able to recruit the rectus abdominus to generate higher expiratory 

pressures. However, due to expiratory muscle paralysis individuals with C-SCI must 

place more reliance on the elastic recoil of the lungs and chest wall to achieve higher 

expiratory pressures and therefore inspire to greater lung volumes. Put another way, 

generating more negative Pes allows individuals to increase EILV from which greater 

expiratory pressure can be generated to reach the target Pes with expiratory loading[140]. 

This is supported by the considerable increase in EILV with expiratory loading in C-SCI 

(Figure 12C). Collectively, the data on Pes and lung volumes demonstrates altered 

respiratory patterns during expiratory loading following C-SCI that is characterized by 

dynamic hyperinflation and a greater reliance on elastic recoil during heightened 

expiratory demand. 
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4.4.1. Methodological considerations 

One reason for why we did not see a significant effect of inspiratory loading may 

be due to the pressures that we chose. Recent evidence from studies in able-bodied 

individuals suggests that a ‘sweet spot’ for enhancing left ventricular volumes may be to 

reduce Pes ~7 cmH2O below resting values [74], i.e. to ~13 cmH2O in the present study. 

Thus, our  -20 cmH2O may have been too high and caused an increase in LV transmural 

pressure and afterload [184]. 

Further, a subsequent sample size calculation based on LVEDV for -20 indicates 

22 participants would be needed to reach significance whereby this condition 

significantly increased LVEDV. However, the present sample of participants with C-SCI 

represents the entirety of available participants who met the rigid inclusion criteria and 

were able to complete the experimental conditions.  

We observed greater peak inspiratory and expiratory pressures compared to those 

typically reported in community dwelling individuals with similar lesion levels, but 

similar to other studies in athletes [9,69]. Therefore, caution should be taken in applying 

these findings to the wider C-SCI population. Also, although we used head-up tilt to 

implement a degree of cardiovascular stress, this is unlikely to be representative of the 

exercise condition in which an increase in Q̇ is necessary to meet metabolic demands of 

exercising musculature. 

As we were unable to control lung volumes this limited our ability to isolate the 

effect of changes in Pes on cardiac function. However we believe that this lack of 

separation may in fact increase the physiological validity given that changes in pressure 

and volume do not typically occur in isolation. 

 

4.5. Conclusions 

The findings discussed above suggest that expiratory loading acutely alters 

respiratory mechanics and LVEDV in highly-trained individuals with C-SCI. Due to the 

loss of reflex sympathetic control, cardiac function may be more susceptible to changes 

in lung volumes under conditions of cardiorespiratory stress such as during exercise. 
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Chapter 5: Respiratory muscle training in athletes with cervical spinal cord injury: 

effects on cardiopulmonary function and exercise capacity 

 

To investigate the pulmonary, cardiovascular, and exercise responses to combined 

inspiratory and expiratory RMT in athletes with tetraplegia, six wheelchair rugby athletes 

(5M/1F, 33 ± 5 years) completed six weeks pressure threshold RMT, two sessions/day on 

five days/week. Resting pulmonary and cardiac function, exercise capacity, exercising 

lung volumes, and field-based exercise performance were assessed at pre-RMT, post-

RMT, and following a six week no RMT period. RMT enhanced maximal inspiratory 

(pre- vs. post-RMT: -76 ± 15 to -106 ± 23 cmH2O, p=0.002) and expiratory (59 ± 26 to 

73 ± 32 cmH2O, p=0.007) mouth pressures, and PEF (6.74 ± 1.51 vs. 7.32 ± 1.60, 

p<0.04). Compared to pre-RMT, peak work rate was higher at post-RMT (60 ± 23 to 68 

± 22 W, p=0.003), while exercising EELV was reduced (p<0.017) but EILV was 

unchanged. V̇O2peak increased in all athletes at post-RMT (1.24 ± 0.40 vs. 1.40 ± 0.50 

L/min, p=0.12). After six weeks of no RMT all indices returned towards baseline with 

peak work rate (p=0.037), V̇O2peak (p=0.041), and EELV (p<0.034) being significantly 

lower at follow-up than at post-RMT. There was a significant decrease in LVEDV and 

stroke volume in response to 45° head-up tilt (p=0.030 and 0.021, respectively); however, 

all cardiac indices in both supine and tilted positions were unchanged by RMT. Our 

findings demonstrate the efficacy of RMT in enhancing respiratory muscle strength, 

lowering exercising lung volumes, and increasing exercise capacity. Though precise 

mechanisms by which RMT may enhance exercise capacity remain unclear, our data 

suggest it is unlikely due to a direct cardiac adaptation associated with RMT. 
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5.1. Introduction 

Relative to the evidence in able-bodied individuals, literature on the limits to 

aerobic exercise capacity in individuals with C-SCI is scarce. However, it appears 

undeniable that an impaired cardiovascular response to exercise, characterized by a 

neurologically limited HR, impaired cardiac contractility, and impaired VR must play a 

role in limiting aerobic exercise capacity; at least in highly-trained athletes (i.e. national 

level and above) with C-SCI competing in endurance/repetitive sprint sports [97,98,185]. 

An inability to redirect O2-rich blood to exercising muscles via sympathetically mediated 

splanchnic vasoconstriction after C-SCI results in blood pooling in the abdomen and a 

reduced VR [100]. This pooling is compounded by the loss of the skeletal muscle pump 

and, potentially, an altered respiratory muscle pump. In fact, interventions in athletes with 

C- SCI that aim to reduce blood pooling in the abdomen appear to enhance aerobic 

exercise capacity [69,106]. Moreover, athletes with intact supraspinal sympathetic control 

of the heart and vasculature (and therefore able to effectively redistribute blood to active 

vascular beds) out-perform those with disrupted supraspinal sympathetic control, despite 

a similar degree of motor impairment [97]. 

Individuals with C-SCI experience respiratory dysfunction due to the loss of 

motor control over key respiratory muscles [186]. The primary muscle of inspiration, the 

diaphragm, is supplied by the phrenic nerve (spinal segments C3-C5); whereas the 

primary muscles of active expiration, the abdominals, are supplied by spinal segments 

T4-T11 [9,11]. As such, inspiratory muscle strength is less compromised than expiratory 

muscle strength [9]. During dynamic exercise (e.g. arm ergometry), individuals with 

cervical SCI have been shown to exhibit dynamic hyperinflation, a phenomenon whereby 

increasing exercise intensity is accompanied by increases in EELV above resting values 

[69,95]. In able-bodied individuals, dynamic hyperinflation is associated with dyspnea 

and exercise intolerance [172], as well as a reduction in LVEDV and LVSV [71], that 

may ultimately limit aerobic exercise capacity. Enhancing the ability to generate 

inspiratory and expiratory pressures following C-SCI may act to simultaneously 

strengthen the respiratory muscle pump and lower lung volumes to augment VR, 

LVEDV, and LVSV to enhance O2 delivery to, and uptake by, exercising muscles. 
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In able-bodied athletes, IMT has the potential to improve cycle time trial 

performance by >4 %, and time to exhaustion up to 30 % by delaying diaphragm fatigue, 

offsetting the respiratory muscle metaboreflex, and attenuating respiratory discomfort 

[123,187,188]. In SCI, IMT has been found to enhance inspiratory muscle strength and 

endurance as well as VC and IC [134]. In athletes with cervical SCI, IMT has also been 

demonstrated to increase diaphragm thickness, peak work rate (i.e. power output), and 

exercise VT [135], but its potential effect on V̇O2peak is inconclusive [135,136]. 

Despite little evidence for the benefit of EMT in able-bodied athletes [129], there 

are a number of theoretical benefits for tetraplegic athletes. Firstly, in the absence of 

neural drive to the rectus abdominus, individuals with cervical SCI tend to recruit the 

latissimus dorsi (C6-C8) and pectoralis major (C5-C6) for active expiration [16,17]. 

Strengthening these muscles through EMT may conceivably benefit not only respiratory 

function but also wheelchair propulsion, as these muscle groups are actively involved in 

wheelchair locomotion [189]. Second, EMT in cervical SCI may serve to lower lung 

volumes and offset the deleterious circulatory effects of dynamic hyperinflation [71], as 

well as allow the diaphragm to operate at an optimal length to generate higher inspiratory 

pressures [139] and potentially enhance the respiratory muscle pump facilitating VR to 

the heart.  

The effects of combined IMT and EMT (i.e. RMT) in individuals with chronic 

SCI are relatively unknown. While studies of RMT in individuals with SCI of all levels 

and completeness have reported improved FVC and BP regulation [137,138], the effects 

of RMT on exercise performance and cardiopulmonary function have not been examined. 

We hypothesised that six weeks RMT in wheelchair rugby athletes with cervical SCI 

would (a) enhance resting PImax,PEmax, PEF, and FVC; (b) increase resting LVSV 

when assessed at a 45° head-up tilt (i.e., under a stressed system); (c) lower exercising 

lung volumes; and (d) improve V̇O2peak and field-based exercise performance. 

 

5.3. Methods 

Five male and one female wheelchair rugby athlete completed the study (age 33 ± 

5 years, stature 1.80 ± 0.08 m, mass 65.1 ± 6.3 kg, 157 ± 63 months since injury). All 

subjects were free of known cardiovascular or respiratory disease or dysfunction 
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unrelated to SCI. Each subject gave written informed consent and all experimental 

procedures conformed to the Declaration of Helsinki, except for registration in a 

database, and were approved by The University of British Columbia’s clinical research 

ethics board. All procedures described below were performed pre- and post-RMT and at 

follow-up (i.e., following six weeks of non-RMT). All procedures were performed during 

the same visit following the order in which they are outlined below, except for the 

repeated sprint field test that was performed on a separate day. Athletes abstained from 

caffeine for 12 hours and alcohol for 24 hours prior to all procedures. This entire study 

was performed during a 12-week maintenance phase (i.e., no change to training volume 

or intensity) of the athletes’ training program to minimize the influence of a change in 

exercise load on outcomes. 

 

5.2.1. Intervention 

Athletes completed two sessions of 30 repetitions pressure threshold RMT on five 

days of the week, for six weeks (Trainer model, Powerlung, Inc., Houston, TX, USA). 

The RMT apparatus had spring-loaded inspiratory and expiratory valves by which 

pressure threshold could be adjusted. Athletes were instructed to attempt to reach TLC on 

each inspiration and RV with each expiration. Based on previous studies in athletes with 

SCI, initial inspiratory and expiratory pressure thresholds were set at ~60 % PImax and 

PEmax as determined at the pre-RMT visit [135] (see Figure 15). Pilot testing was 

conducted to determine the pressure thresholds associated with each setting on the RMT. 

Resistance was increased once the subject could comfortably complete all 30 breaths and 

the associated dyspnea for each session that week was less than 6/10 on the Modified 

Borg Dyspnea Scale [178]. In the event that an athlete was unable to complete all 30 

repetitions, they were allowed a brief rest before completing the remaining repetitions. 

All athletes maintained a logbook in which they recorded the repetitions completed, 

inspiratory and expiratory resistance, and dyspnea each session. Athletes were required to 

complete 80 % of scheduled sessions with adherence assessed at two, four, and six 

weeks. All athletes maintained a logbook of additional exercise training (modality and 

duration) throughout the duration of the study. 
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Figure 15: Experimental overview of study intervention 

Data are presented as mean ± SD relative to pre-RMT values.  

 

Abbreviations: RMT, respiratory muscle training; PImax, maximal inspiratory mouth 

pressure; PEmax, maximal expiratory mouth pressure. 

 

5.2.2. Pulmonary function 

PImax and PEmax were assessed from FRC and TLC, respectively, using a two-

way non-rebreathing mouthpiece (Model 2700, Hans Rudolph, Kansas, USA). Custom-

built resistors with 1 mm diameter leak-holes were fitted to both the inspiratory and 

expiratory sides of the mouthpiece to prevent glottic closure, and all procedures were 

performed in accordance with recommendations on respiratory muscle testing [175]. 

Tubing connected the mouthpiece to a carrier demodulator (CD280 Multi-Channel 

Carrier Demodulator, Validyne Engineering, Northridge, CA) via a pressure transducer 

(DP15 Variance Reluctance Pressure Sensor, Validyne Engineering, Northridge, CA). 

Pressure signals were amplified, A/D converted (PowerLab 16SP, AD Instruments; 

Colorado Springs, CO, USA), sampled at 1000 Hz, and monitored online using LabChart 

data acquisition software (v8.1, AD Instruments; Colorado Springs, CO, USA). 

Maximum mouth pressures were determined from a minimum of three maneuvers and 
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reported as the average pressure over one second.  

 Lung volumes, capacities and flows were assessed in the seated position using a 

metabolic cart with pulmonary function testing capabilities (Quark CPET, Cosmed, 

Rome, Italy). First, a minimum of three SVC maneuvers were performed to assess IC, 

VC, ERV, and IRV. Second, a minimum of three FVC maneuvers were performed to 

determine FVC, FEV1, and PEF. SVC and FVC maneuvers were performed in 

accordance with ATS/ERS standards for spirometry in SCI [150,151]. Finally, a multi-

breath nitrogen washout test was performed to determine TLC, FRC, and RV in 

accordance with ATS/ERS guidelines for the assessment of lung volumes [141]. 

 

5.2.3. Cardiac function 

Cardiac images were collected using two-dimensional echocardiography (Vivid I; 

GE Healthcare, Buckinghamshire, UK) and analyzed by an experienced sonographer 

(AMW).  Images were collected during supine rest and following three minutes of 45° 

head-up tilt. We chose to measure the cardiac response to tilt as these measurements 

cannot be readily performed during upper-limb exercise and we wanted make these 

measurements under a ‘stressed’ cardiovascular system. LVEDV, LVESV, LVSV, and 

EF were determined from apical two- and four-chamber images using Simpson’s biplane 

method of disks [190]. Doppler ultrasound images of transmitral inflow were collected to 

assess early (E) and late (A) diastolic filling velocities, and the ratio of early to late 

diastolic filling (E/A). Mitral annular velocities during systole (S’) and early (E’) and late 

(A’) diastole were assessed using pulsed wave tissue Doppler of the septal wall. All 

indices are reported as the average of three cardiac cycles. BP was assessed in the final 

minute of supine echocardiography and following two minutes head-up tilt (Dinamap 

Carescape V100; GE Healthcare, Buckinghamshire, UK). 

 

5.2.4. Maximal exercise test 

Athletes performed a graded exercise test to exhaustion on an electronically 

braked arm ergometer (Angio Rehab arm ergometer, Lode, Groningen, the Netherlands). 

Athletes self-selected the cadence and, if necessary, gloves were used to secure hands to 

the ergometer handles (Active Hands, Solihull, Great Britain). Following ten minutes of 
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quiet seated rest and one minute cycling at 0 W, work rate was increased by 5 W/min 

until volitional exhaustion or an inability to maintain a cadence above 40 revolutions per 

minute (rpm). RPE (Borg 6-20 scale) [152] were collected in the final 10 seconds of each 

stage. Cardiopulmonary indices (Quark CPET, Cosmed, Rome, Italy) and beat-by-beat 

HR (Garmin, Schaffhausen, Switzerland) were collected at rest and throughout the 

exercise test. All indices were recorded breath-by-breath and reported as rolling 30 

second averages at 10 second intervals as per consensus recommendations [153]. The 

first and second ventilatory thresholds were determined by a blinded assessor (CRW). 

Peak work rate is reported as the highest final completed stage. 

 

5.2.5. Sub-maximal exercise test 

Following a minimum of 30 minutes rest after the maximal exercise test, 

participants performed a sub-maximal exercise test using the same experimental set-up as 

the maximal exercise test. After two minutes rest, four four-minute stages were 

performed at 20, 40, 60, and 80 % of peak work rate achieved during the maximal 

exercise test at pre-RMT. Cardiopulmonary indices were recorded throughout and are 

reported as the average during the final 30 seconds of the third minute of each stage. 

During the final minute of rest and each stage, two IC maneuvers were performed 

whereby following a normal exhalation to EELV athletes inhaled to TLC. The largest IC 

at each stage was used to determine athletes’ EELV (equal to TLC – IC) and EILV (equal 

to EELV + VT). EELV and EILV are reported as a percentage of TLC at each workload. 

This protocol is adapted from previous research performed by our group [69]. 

 

5.2.6. Field-based exercise performance 

Field-based exercise performance was assessed by a 20x20 m repeated sprint field 

test that replicates the physiological demands of wheelchair rugby game play [191]. 

Athletes completed twenty 20 m sprints and time to complete 5 and 20 m were recorded 

by wireless timing gates (Brower Timing TC-System, Brower Timing Systems, Draper, 

USA). Athletes were instructed to complete each sprint as a maximal effort and were 

given rest between each sprint equal to twice the time to complete their first sprint. 

Motivation was not provided by assessors during testing. This test has previously been 
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demonstrated to be reproducible for 5 and 20 m sprint times, as well as for peak speed 

and peak HR (i.e. ICCs >0.950) [191]. 

 

5.2.7. Statistics 

Changes in pulmonary and peak responses to maximal exercise tests, and field-

based exercise performance were assessed by one-way repeated measures ANOVA. 

Changes in cardiac function were assessed by two-way repeated measures ANOVA 

(time-point X tilt). Cardiopulmonary indices and lung volumes during the sub-maximal 

exercise test were assessed by two-way (time-point X work rate) repeated measures 

ANOVA. If there were significant main effects, pairwise comparisons were made using 

Tukey’s post hoc test. Differences in additional training volume during RMT and non-

RMT time periods were assessed by dependent samples t-tests. Statistical analyses were 

conducted using Statistical Package for Social Science (Version 20; IBM Corporation, 

Armonk, NY, USA) and GraphPad Prism statistical software (Version 6.0; GraphPad 

Software, Inc., LaJolla, CA, USA). Data are presented as mean ± SD and significance set 

at p<0.05.  

 

5.3. Results 

Adherence to the training intervention was 98 ± 3 %. Initial inspiratory mouth 

pressure threshold was set at -43 ± 6 cmH2O and was progressively increased to -64 ± 9 

cmH2O at the completion of the intervention (equivalent to 58 ± 5 and 86 ± 16 % pre-

RMT PImax, respectively). Similarly, expiratory mouth pressure threshold was set at 35 

± 6 cmH2O and increased to 43 ± 12 cmH2O (66 ± 21 and 80 ± 24 % pre-RMT PEmax, 

respectively) (see Figure 15). Self-reported dyspnea across all sessions was 5.6 ± 1.8. No 

adverse events were reported from a total 354 RMT sessions. There were no significant 

differences in self-reported additional training volume between the RMT and follow-up 

periods (365 ± 261 vs. 380 ± 242 min/week, p=0.28). 
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Table 7: Pulmonary Function Pre and Post Respiratory Muscle Training and at Six 
Weeks Follow-up 

 

 Pre-RMT Post-RMT Follow-up 

PImax (cmH2O) 
-76±15 

(72±16) 

-106±23† 

(101±25) 

-92±20 

(88±23) 

PEmax (cmH2O) 
59±26 

(45±18) 

73±32† 

(56±24) 

65±28 

(50±22) 

FRC (L) 
3.70±1.29 

(108±32) 

3.35±1.08 

(99±28) 

3.23±0.99* 

(95±25) 

TLC (L) 
6.45±0.96 

(91±8) 

6.44±0.84 

(91±8) 

6.30±0.85 

(89±9) 

RV (L) 
2.67±1.29 

(143±62) 

2.61±1.29 

(140±55) 

2.46±1.09 

(131±52) 

FVC (L) 
3.75±0.70 

(76±19) 

3.81±0.81 

(77±19) 

3.79±0.76 

(77±20) 

FEV1 (L) 
3.29±0.59 

(80±19) 

3.34±0.57 

(81±19) 

3.36±0.58 

(82±19) 

FEV1/FVC (%) 86.28±5.33 88.35±4.93 89.07±5.59 

PEF (L.s-1) 
6.74±1.51 

(72±18) 

7.32±1.60* 

(79±20) 

7.29±1.85* 

(78±22) 

FEF25-75 (L.s-1) 
3.74±0.78 

(81±19) 

3.85±0.60 

(83±14) 

3.97±0.75 

(86±19) 

ERV (L) 
1.03±0.33 

(68±23) 

0.74±0.30 

(50±22) 

0.78±0.26 

(52±19) 

IC (L) 
2.93±0.42 

(80±15) 

3.09±0.63 

(85±21) 

3.03±0.43 

(84±21) 

IRV (L) 2.10±0.30 2.35±0.60 2.36±0.51 
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Data are presented as mean±SD. Values in parentheses represent percentage of able-

bodied predicted for pressures [176]; and flows and volumes [18]. * indicates p<0.05 vs. 

pre-RMT; † indicates p<0.01 vs. pre-RMT.  

 

Abbreviations: RMT, respiratory muscle training; PImax, maximal inspiratory mouth 

pressure; PEmax, maximal expiratory mouth pressure; FRC, functional residual capacity; 

TLC, total lung capacity; RV, residual volume; FVC, forced vital capacity; FEV, forced 

expiratory volume in one second; PEF, peak expiratory flow; FEF25-75, forced 

expiratory flow over the middle one half of expiration; ERV, expiratory reserve volume; 

IC, inspiratory capacity; IRV, inspiratory reserve volume. 

 

 
Figure 16: Resting lung volumes 

Lung volumes at each time-point and predicted lung volumes for able-bodied individuals 

of same mass, stature, sex, and age [18].  
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Abbreviations: IC, inspiratory capacity; ERV, expiratory reserve volume; RV, residual 

volume. Data are presented as mean±SD. 

 

5.3.1. Pulmonary function 

Pulmonary function data are presented in Table 7. Both PImax and PEmax 

increased in all athletes at post-RMT. PImax increased 40 % from pre- to post-RMT 

(p=0.002). These improvements were partly attenuated following six weeks no-RMT 

such that PImax was not significantly different to pre- or post-RMT values at follow-up. 

Similarly, PEmax increased 25 % from pre- to post-RMT (p=0.007) but was not 

significantly different to either time point at follow-up. PEF increased by 9% from pre- to 

post-RMT and remained elevated at follow-up (6.74 ± 1.51 vs. 7.32 ± 1.60 vs. 7.29 ± 

1.85 L.s-1, both p<0.04 vs. pre-RMT). Resting lung volumes and capacities were 

unchanged from pre-RMT at post-RMT and follow-up (Figure 16), except FRC was 

significantly lower at follow-up compared to pre-RMT (3.70 ± 1.29 vs. 3.23 ± 0.99 L, 

p=0.021). 

 

5.3.2. Hemodynamics and cardiac function 

Cardiac indices are reported in only five athletes due to the inability to obtain 

images in one athlete. There were no significant differences in systolic, diastolic, or mean 

arterial BP between time-points in either the supine or tilted position, and there were no 

differences in BP in response to 45° head-up tilt at any time-point. Supine mean arterial 

BP was 69±5, 69±8, and 62±6 mmHg and in response to tilt was 71±7, 75±9, and 70±12 

mmHg at pre-RMT, post-RMT, and follow-up, respectively. 

Head-up tilt elicited a significant drop in LVEDV, LVSV, and E’ (all p<0.036) 

with no change in LVESV or EF (both p>0.090) (see Table 8). Though SV was reduced 

during tilt, Q̇ was maintained due to a non-significant increase in HR. All cardiac indices 

in both the supine and tilted positions remained unchanged from pre-RMT to post-RMT 

and follow-up. 
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Table 8: Cardiac Function Supine and Tilted Pre and Post Respiratory Muscle Training 
and at Six Weeks Follow-up  

 

Data are presented as mean ± SD.  

 

Abbreviations: LVEDV, left-ventricular end-diastolic volume; LVESV, left-ventricular 

end-systolic volume; LVSV, left-ventricular stroke volume; EF, ejection fraction; Q̇, 

cardiac output; HR, heart rate; E, early diastolic filling velocity; A, late diastolic filling 

velocity; S’, mitral annular velocity during systole; E’, mitral annular velocity during 

early diastole; A’, mitral annular velocity during late diastole; LVOT, left-ventricular 

outflow tract; VTI, velocity time integral. 

 

 

 Pre-RMT Post-RMT Follow-up 

 Supine Tilt Supine Tilt Supine Tilt 

LVEDV 

(mL) 

101±16 88±11 100±21 87±18 100±14 88±12 

LVESV 

(mL) 

39±5 35±7 38±6 35±6 39±4 36±4 

LVSV (mL) 62±11 53±6 63±12 53±12 61±11 51±8 

EF (%) 61±1 60±4 62±1 60±3 60±3 58±1 

Q (L.min-1) 3.6±0.6 3.6±0.6 3.9±0.5 3.8±0.3 3.7±0.7 3.5±0.5 

HR (bpm) 59±7 68±11 64±10 76±20 65±12 69±12 

E (m.s-1) 0.75±0.10 0.64±0.24 0.69±0.04 0.62±0.12 0.70±0.13 0.66±0.14 

A (m.s-1) 0.47±0.09 0.49±0.14 0.50±0.10 0.49±0.09 0.54±0.03 0.43±0.04 

E/A 1.65±0.35 1.34±0.31 1.44±0.39 1.20±0.25 1.320.28 1.46±0.40 

S’ (cm.s-1) 94±6 86±6 94±15 95±23 90±7 91±22 

E’ (cm.s-1) 122.±14 96±11 121±25 97±19 116±12 96±19 

A’ (cm.s-1) 73±11 61±15 76±21 70±35 72.14±13 63.32±21 

E’/A’ 1.71±0.29 1.65±0.33 1.64±0.33 1.61±0.48 1.62±0.19 1.68±0.54 

E/E’ 6.20±0.77 6.62±1.32 5.91±1.09 6.22±2.00 6.08±1.18 7.18±2.60 
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5.3.3. Exercise capacity 

Exercise data are reported in only five athletes (4M/1F) due to an injury unrelated 

to the intervention which precluded the ability to conduct the follow-up exercise tests. 

 

 
Figure 17: Peak responses to maximal exercise test 

* indicates p<0.05 vs. post-RMT. 
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Peak cardiopulmonary and metabolic responses to the maximal exercise test are 

shown in Figure 17. Peak work rate was higher post-RMT (68 ± 22 W) than both pre-

RMT (60 ± 23 W, p=0.003) and at follow-up (63 ± 23 W, p=0.037, Figure 17A). V̇O2peak 

increased in all athletes following RMT (1.24 ± 0.40 vs. 1.40 ± 0.50 L.min-1, p=0.12, 

Figure 17B) and was significantly lower at follow-up compared to post-RMT (1.40 ± 

0.50 vs. 1.18 ± 45 L.min-1, p=0.041). Compared to pre-RMT, at post-RMT there were 

non-significant increases in peak V̇E (48 ± 16 vs. 56 ± 19 L.min-1, p=0.054. Figure 17C), 

average expiratory flow rate (1.57 ± 0.58 vs. 1.83 ± 0.67 L.s-1, p=0.057, Figure 17D), and 

O2 pulse (9.8 ± 2.7 vs. 11.5 ± 3.2 mL.beat-1, p=0.091, Figure 17E). There were no 

differences in the work rate at the first or second ventilatory threshold, peak RER, VT, 

FR, or peak HR (Figure 17F) between any time-points (all p>0.6). 

 

5.3.4. Lung volume response to incremental sub-maximal exercise 

Lung volumes at rest and in response to exercise are shown in Figure 18 and 

values reported in Table 9. Dynamic hyperinflation was present at pre-RMT, as 

evidenced by a progressive increase in EELV throughout sub-maximal incremental 

exercise that manifested as a significant reduction of 16 ± 10 % in IC at 80 % peak work 

rate compared to rest (p=0.013). At post-RMT, there was a significant main effect for a 

lower EELV throughout exercise compared to both pre-RMT (p=0.017) and follow-up 

(p=0.034), and the change in IC from rest to 80 % exercise was not significant (p=0.216), 

implying that RMT abated hyperinflation. There were no significant differences in EILV 

between any time-points.  
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Table 9: Operating Lung Volumes 

Data are presented as mean±SD. * indicates p<0.05 vs. 0 % for same lung volume and 

time-point; † indicates p<0.05 vs. 20 % for same lung volume and time-point; ‡ indicates 

p<0.05 vs. 40 % for same lung volume and time-point; § indicates p<0.05 vs 60 % for 

same lung volume and time-point. 

 

Abbreviations: RMT, respiratory muscle training; EELV, end-expiratory lung volume; 

EILV, end-inspiratory lung volume; TLC, total lung capacity. 

 

 
Work Rate (% Peak) 

0 20 40 60 80 

EELV 

(% TLC) 

Pre-RMT 58±11 57±11 59±14 61±12† 65±11*†‡ 

Post-RMT 57±9 55±12 56±13 59±12 61±12†‡ 

Follow-up 59±5 57±13 58±11 60±13 65±13*†‡§ 

EILV 

(% TLC) 

Pre-RMT 69±11 71±8 75±11* 76±8* 80±6*† 

Post-RMT 68±9 69±19 71±12 76±9*† 78±9*†‡ 

Follow-up 70±13 69±11 73±9 76±10*† 82±9*†‡§ 
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Figure 18: Operating lung volumes 

Steady-state end-expiratory (circles) and end-inspiratory (squares) lung volumes at pre-

RMT (solid line), post-RMT (dashed line), and follow-up (dotted line) expressed as a 

percentage of TLCat 20, 40, 60, and 80 % peak aerobic power achieved at pre-RMT 

time-point. * indicates p<0.05 vs. post-RMT for main effect. Data are presented as mean 

± SEM for clarity. 

 

5.3.5. Cardiopulmonary responses to incremental sub-maximal exercise 

Cardiopulmonary responses to the sub-maximal exercise test are reported in Table 

10. FR, V̇E, VT, V̇O2, V̇CO2, and RER all increased with exercise intensity (p<0.05) but 

responses were not different between time-points. At follow-up, V̇E/V̇O2 was higher at 

60 % and 80 % peak work rate compared to post-RMT and at 80 % compared to pre-

RMT. V̇E/V̇CO2 was higher at follow-up compared to pre- and post-RMT at each of 40 

%, 60 % and 80 % peak work rate. 
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Table 10: Cardiopulmonary Responses to Sub-maximal Exercise Test 

 

Work Rate 

(% peak) 

Rf 

(b.min-1) 

VT 

(L) 

V̇E 

(L.min-1) 

V̇O2 

(mL.min-1) 

V̇CO2 

(mL.min-1) 
RER 

Pre-RMT 

0 
15.05 

±3.57 

0.74 

±0.18 

10.67 

±0.99 

356 

±69 

297 

±57 

0.83 

±0.06 

20 
19.15 

±6.10 

0.88 

±0.34 

15.63 

±3.29 

593 

±161 

463 

±120 

0.78 

±0.04 

40 
20.54 

±2.69 

1.00 

±0.29 

20.09 

±4.72 

751 

±213 

634 

184 

0.84 

±0.02 

60 
31.07 

±10.23 

0.95 

±0.38 

28.16 

±10.19 

872 

±287 

847 

±292 

0.97 

±0.08 

80 
40.88 

±12.38 

0.97 

±0.38 

37.37 

±9.81 

1082 

±406 

1124 

±412 

1.04 

±0.12 

Post-

RMT 

0 
15.46 

±2.25 

0.69 

±0.15 

10.67 

±2.97 

353 

±104 

286 

±95 

0.80 

±0.06 

20 
18.93 

±1.68 

0.89 

±0.38 

16.86 

7.43 

682 

±308 

514 

±239 

0.75 

±0.03 

40 
23.12 

±4.10 

0.99 

±0.26 

22.7 

±7.11 

832 

±244 

710 

±223 

0.85 

±0.05 

60 
29.07 

±4.77 

1.06 

±0.27 

31.16 

±10.38 

991 

±260 

941 

±265 

0.95 

±0.10 

80 
37.45 

±8.74 

1.06 

±0.30 

39 

±11.87 

1103 

±299 

1148 

±318 

1.03 

±0.09 

Follow-

up 

0 
16.5 

±4.97 

0.66 

±0.12 

10.56 

±2.78 

324 

±41 

259 

±31 

0.8 

±0.06 

20 
21.65 

±1.79 

0.76 

±0.15 

16.28 

±2.32 

592 

±146 

450 

±81 

0.77 

±0.07 

40 
24.58 

±4.77 

0.95 

±0.35 

22.17 

±4.44 

746 

±226 

628 

±182 

0.85 

±0.03 
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60 
34.38 

±11.00 

0.96 

±0.33 

31.74 

±10.28 

888 

±326 

852 

±288 

0.97 

±0.07 

80 
41.72 

±11.74 

1.06 

±0.44 

42.03 

±13.78 

996 

±369 

1036 

±351 

1.05 

±0.06 

 

Work rate is reported as a percentage of the maximal work rate achieved during the 

maximal exercise test at pre-RMT. Data are presented as mean ± SD. * indicates p<0.05 

vs. pre-RMT, † indicates p<0.05 vs. post-RMT.  

 

Abbreviations: RMT, respiratory muscle training; FR, respiratory frequency, VT, tidal 

volume; V̇E, minute ventilation’ V̇O2, oxygen consumption; V̇CO2, carbon dioxide 

production; RER, respiratory exchange ratio. 

 

5.3.6. Field-based exercise performance 

Best and average 5 m sprint times improved in four of five athletes following 

RMT however no indices reached statistical significance. Best 5 m sprint times were 2.64 

± 0.26, 2.62 ± 0.24, and 2.61 ± 0.20 s at pre-RMT, post-RMT, and follow-up, 

respectively; and average times were 2.73 ± 0.27, 2.71 ± 0.22, and 2.71 ± 0.20 s, 

respectively. Similarly, both best and average 20 m sprint times improved following 

RMT in four athletes. Mean best times were 7.83 ± 0.91, 7.77 ± 0.76, and 7.78 ± 0.86 s; 

and average times were 8.06 ± 0.95, 8.04 ± 0.82, and 8.02 ± 0.87 s at pre-RMT, post-

RMT, and follow-up, respectively. 

 

5.4. Discussion 

The main findings of this study are that RMT significantly increased resting 

PImax, PEmax, and PEF but did not change FVC, nor did it influence resting or reflexive 

cardiac function. During exercise, we found that RMT prevented dynamic hyperinflation 

and enhanced peak aerobic work rate. Each of these indices returned towards, but did not 

reach, baseline levels following six weeks non-RMT. The excellent adherence rate and 

absence of adverse events suggests RMT is a feasible intervention for athletes with 

cervical SCI. 
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5.4.1. Pulmonary function 

Following six weeks pressure threshold RMT we report significant improvements 

in PImax and PEmax of 40 % and 25 %, respectively, which were not maintained 

following six week of no RMT, as well as a 9 % increase in PEF that remained at six 

weeks follow-up. This pattern of improvement following RMT is largely in agreement 

with prior studies in athletic individuals with cervical SCI that have focused on IMT 

alone. For example, West, et al, reported an 11 % increase in PImax following six weeks 

pressure-threshold IMT [135], and Litchke observed improvements in PImax of 44 % 

(from -75 to -108 cmH2O) in four wheelchair athletes (three cervical SCI, 1 post-polio) 

following ten weeks RMET, in which athletes were instructed to exhale slowly to RV and 

inhale slowly to TLC rather than to reach pressure thresholds [136]. Whilst the increase 

in PImax in our study is likely to be primarily attributed  to increased strength of the 

inspiratory muscles that retain neural input (i.e., diaphragm, scalenes, 

sternocleidomastoid), it is also likely that the RMT-induced lowering of FRC allowed the 

diaphragm to work on a more optimal part its length-tension relationship [186]. That we 

also observed a significant increase in PEmax despite all of these individuals exhibiting a 

loss of neural drive to the typical primary and accessory muscles of active expiration, is 

perhaps somewhat surprising. However, we believe this can be attributed to a 

strengthening of ‘non-typical’ accessory muscles of expiration (i.e., pectoralis major and 

latissimus dorsi [16]). There was no effect of RMT on lung volumes (except a lower FRC 

at follow-up), which is in disagreement with the only two prior studies to investigate the 

effect of combined RMT on lung function, both of which reported improved FVC 

[137,138]. We attribute this lack of improvement in FVC with RMT in the present study 

to the fact that we studied highly-trained athletes with cervical SCI who tend to have 

better expiratory function (i.e. greater strength of the pectoralis major and latissimus 

dorsi) at rest compared to non-athletic individuals.  The significantly lower FRC at 

follow-up, but not post-RMT compared to pre-RMT is an unexpected finding. A lower 

FRC at post-RMT compared to pre-RMT would make sense, and indeed there was a 

decrease in FRC, albeit not significant (3.70 ± 1.29 vs. 3.35 ± 1.08 L, p=0.087). Why 
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FRC continued to decrease at follow-up (3.23 ± 0.99 L) rather than return towards pre-

RMT values (as other indices did) is presently unclear and warrants further investigation. 

 

5.4.2. Cardiac function 

The present study is the first to investigate echocardiography-derived changes in 

cardiac function in response to head-up tilt in individuals with SCI. We found a marked 

reduction in LVEDV and LVSV during head-up tilt at all time-points, that are likely due 

to the loss of sympathetically mediated vasoconstriction following cervical SCI [192]. In 

able-bodied individuals, LVSV is reduced by ~20 % upon moving from supine to seated 

[193]. In the present study, we observed similar percentage decreases with only a 45° 

head-up tilt in individuals with cervical SCI, for whom LVEDV and LVSV are already 

reduced compared to able-bodied individuals [39]. Reduced LV volumes in response to 

tilt further highlights the challenges faced by athletes with cervical SCI in mounting a 

normal cardiovascular response to exercise in the seated position. Though our hypothesis, 

that LVSV would be higher when tilted at post-RMT, was not supported it should be 

noted that assessments were completed at rest as we were unable to examine the 

echocardiographic-derived cardiac response during exercise due to the concomitant 

movement of the arms and torso during arm-crank exercise. We chose to assess cardiac 

function in response to tilt to provide at least a partial physiological stress to the 

cardiovascular system and to remove the confounding impact of a cranial blood volume 

redistribution, which undoubtedly occurs when people with cervical SCI are supine. 

Nevertheless, we accept that this stress was unlikely equal to that of exercise, when the 

benefit of enhanced respiratory muscle strength and reduced lung volumes following 

RMT may be greatest. Notwithstanding the above consideration, that there were no 

measured differences in cardiac function between time-points in either position suggests 

it is unlikely that RMT exerts a direct effect on the heart. 

 

5.4.3. Exercise capacity 

Peak aerobic work rate was increased at post-RMT compared to both pre-RMT 

and follow-up. We also observed strong trends towards increased V̇O2peak, peak V̇E, 

PEF, and peak O2 pulse during the incremental exercise test at post-RMT vs. pre-RMT 
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(see Figure 17). Notably, V̇O2peak increased following RMT and significantly decreased 

following six weeks of no-RMT in all athletes studied. Our findings are remarkably 

similar to those previously reported by West et al. (2014), who also observed an 8 W 

improvement in peak work rate and an increase in V̇O2peak in each athlete averaging 

0.19 L.min-1 [135]. However, RMET appeared to have no effect on V̇O2peak in three 

athletes with cervical SCI [136]. Collectively, the findings of the present and previous 

studies demonstrate that pressure-threshold RMT has the potential to enhance aerobic 

exercise capacity in athletes with cervical SCI. Unfortunately, the limited number of truly 

highly-trained athletes with cervical SCI often limits the ability to recruit a sizeable 

enough sample to achieve statistical significance within a given study. The mechanisms 

responsible for any change in exercise capacity are unclear and may be due to one or a 

combination of the following: (1) an enhanced respiratory muscle pump; (2) lowering of 

exercising lung volumes (see below); (3) attenuation of the respiratory muscle 

metaboreflex; or (4) enhanced truncal stability and push mechanics. 

 

5.4.4. Lung volume response during sub-maximal exercise 

This is the third study to investigate the lung volume response to exercise in 

individuals with cervical SCI and our findings at pre-RMT confirm the presence of 

dynamic hyperinflation during exercise [69,95]. Perhaps one of the most compelling 

results from our study is that RMT reduced EELV throughout incremental exercise in all 

athletes, and this effect was abolished following six weeks no-RMT. Notably, there was a 

tendency for exercising lung volumes to be higher in athletes with ‘low-pointer’ 

classification (IWRF class 0.5 and 1.0, i.e. those with less motor function and ability to 

generate expiratory flow) compared to the ‘mid-pointer’ athletes, owing to a higher RV. 

However, the pattern of dynamic hyperinflation at pre-RMT and follow-up was similar 

across both low- and mid-pointers. Interestingly, a prior study found that abdominal 

binding lowered exercising lung volumes; an effect that was attributed to reduced 

abdominal wall compliance and an increased intra-abdominal pressure [69]. Though we 

also observed a reduction in EELV following RMT in all athletes, we believe this was 

probably due to the addition of EMT and the subsequent ability to generate higher 
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expiratory flow during exercise, opposed to a change in abdominal compliance and/or 

pressure.  

The significant reduction in EELV throughout exercise at post-RMT may have 

important implications for central hemodynamics, cardiac performance, and therefore 

exercise capacity. In resting able-bodied individuals, Cheyne et al (2018) recently 

demonstrated that LVEDV and LVSV were progressively decreased as EELV increased. 

They demonstrated that a 15 ± 5 % reduction in IC from FRC led to significant decreases 

in LVEDV and LVSV, likely due to alveolar capillary compression, increasing RV 

afterload and decreasing LVEDV through series interaction [71]. Whilst we accept the 

interaction between changes in lung volumes and pulmonary hemodynamics may be 

more complex in patients with SCI during exercise, the 16 % and 15 % reduction in IC at 

80% peak work rate compared to rest at pre-RMT and follow-up, respectively, is likely of 

significant magnitude to negatively influence LVSV. Additionally, that peak O2 pulse 

tended to be higher at post-RMT when EELV was lower, suggesting that sub-maximal 

LVSV was increased. 

In able-bodied athletes (and some patient groups), increasing EELV towards end-

exercise can be beneficial as it helps to prevent EFL (as higher expiratory flow rates can 

be generated from higher lung volumes). However, evidence suggests that athletes with 

cervical SCI do not experience EFL [69]. We suggest, therefore, that the reduction in 

EELV with RMT is likely to be beneficial during exercise.  

 

5.4.5. Cardiopulmonary responses to sub-maximal exercise 

The majority of cardiopulmonary indices during sub-maximal exercise remained 

unchanged from pre- to post-intervention and at follow-up. In fact, the only significant 

differences were higher values for V̇E/V̇O2 and V̇E/V̇CO2 during the latter stages of sub-

maximal exercise at follow-up vs. both pre- and post-RMT. Since sub-maximal exercise 

at each time-point was performed at the same absolute intensity the higher values for 

V̇E/V̇O2 and V̇E/V̇CO2 during the latter stages of exercise at follow-up suggests a 

reduction in ventilatory efficiency for a given work rate. If the absolute work-load is 

expressed relative to the peak power achieved at follow-up, then the final stage of sub-

maximal exercise actually represented closer to 85 % of maximum. At this intensity, it is 
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likely that these athletes will be more reliant on anaerobic pathways which are known to 

result in a more rapid increase in V̇E due to the additional non-metabolic production of 

CO2.    

 

5.4.6. Field-based exercise performance 

This is the first study to examine changes in field-based exercise performance 

following any form of respiratory training in tetraplegic athletes. Although performance 

on the repeated sprint field test improved in all but one athlete we did not observe 

statistically significant changes in performance. It should be noted that the 20x20 metre 

repeated sprint field test includes an anaerobic component [191], and perhaps explains 

why we did not see a significant improvement following RMT. These findings are 

consistent with previous findings following IMT and RMET in paraplegic wheelchair 

basketball and wheelchair endurance athletes, respectively [194,195]. 

 

5.4.7. Limitations 

Although sample size calculations indicated our sample was appropriate to 

determine changes in pulmonary function it is likely that the drop out of one athlete from 

the post-RMT exercise test (due to an unrelated injury) resulted in us being under 

powered to assess changes in exercise capacity and performance. Nevertheless, an 

important consideration is that our sample represented the entirety of highly-trained 

wheelchair rugby athletes with cervical SCI that was geographically available for the 

present study. We chose to include only those wheelchair athletes who were truly highly-

trained athletes, as less competitive athletes and/or community dwelling individuals with 

cervical SCI are likely limited by other peripheral factors during exercise, rather than the 

cardiovascular system. Finally, a lower FRC at follow-up compared to pre-RMT meant 

that PImax was not assessed from precisely the same lung volume at these time-points. 

 

5.5. Conclusions 

This study is the first to investigate the effectiveness of combined RMT in 

athletes with cervical SCI. We found that six weeks pressure threshold RMT resulted in 

significant improvements in the ability to generate inspiratory and expiratory mouth 
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pressure, and PEF. RMT also prevented dynamic hyperinflation during submaximal 

incremental exercise and increased peak work rate. Collectively, these findings 

demonstrate that RMT has the potential to enhance aerobic exercise capacity in athletes 

with cervical SCI. 
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Chapter 6: General discussion 

 

This chapter reviews the primary findings of the thesis and provides a summary of 

potential mechanisms underpinning these observations and provides recommendations 

for further study. 

 

6.1. Primary Findings 

6.1.1. The cardiopulmonary response to exercise following C-SCI 

The aim of chapter 3 was to compare and contrast the cardiovascular and 

pulmonary responses to maximal and sub-maximal arm ergometry in ten healthy able-

bodied individuals to that observed in ten highly trained individuals with C-SCI. In doing 

so differences in lung volumes during sub-maximal upper-limb exercise were examined 

to understand the effects of C-SCI independent of exercise modality. 

The findings of this study demonstrated a reduced exercise capacity in C-SCI 

along with a limited ability of these individuals to increase VT, HR, and O2 pulse to meet 

the metabolic demands of exercising muscles. This was the case whether assessing these 

indices at relative or absolute matched work rates. This study also demonstrated altered 

ventilatory patterns during exercise in C-SCI that is characterized by a smaller VT but 

higher FR at a given exercise intensity. 

Throughout sub-maximal exercise, individuals with C-SCI experienced dynamic 

hyperinflation in response to arm ergometry (EELV of 62 %TLC at 80% peak work rate) 

whereas able-bodied individuals did not, whether matched for relative or absolute 

matched work rate. These findings that the C-SCI associated dynamic hyperinflation was 

due to the injury itself. Given the loss of neural drive to expiratory muscles, dynamic 

hyperinflation is clearly due to the inability to recruit muscles of active expiration and 

lower EELV into ERV. As exercise intensity increased the reflexive increase in FR 

further compounded the dynamic hyperinflation as inspiration is initiated before the lungs 

have reached equilibrium.  The extent to which dynamic hyperinflation may effect 

exercise capacity by its effect on left-ventricular structure and function was addressed in 

Chapters 4 and 5. 
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6.1.2. Effects of respiratory loading on respiratory mechanics and left-ventricular 

structure and function 

The effects of respiratory loading on ventilatory patterns and lung volumes were 

examined in Chapter 4. Using esophageal balloon catheters and IC maneuveres, Pes and 

operating lung volumes were tracked, respectively. 

 While Pes at rest and during inspiratory loading was similar, C-SCI generated 

more negative inspiratory Pes to reach expiratory loading targets. This is a consequence 

of the inability to recruit muscles of active expiration to achieve expiratory Pes targets 

and by generating more negative Pes, this caused participants to increase EILV from 

which they could generate greater expiratory Pes. This mechanistic explanation was 

supported by the observed dynamic hyperinflation with the more challenging expiratory 

loading condition. What effect strengthening the accessory expiratory muscles has on 

lowering resting and exercising lung volumes was examined in Chapter 5. 

Chapter 4 also examined the effects of isolated inspiratory and expiratory loading 

on echocardiographic derived indices of left-ventricular structure and function in 

individuals with C-SCI. Though the initial rationale and hypotheses for this study were 

around the cardiac effects of changes in inspiratory ITP, no significant effects of changes 

in inspiratory ITP on left-ventricular volumes were observed. In manipulating Pes, this 

study showed expiratory loading with a peak Pes of +20 cmH2O on expiration acutely 

altered left-ventricular function characterized by a reduced LVEDV, that was 

accompanied by an increase in HR. Further, reductions in LVEDV were accompanied by 

dynamic hyperinflation (EELV of 63 %TLC), suggesting that these changes in left-

ventricular filling were due, in part, to mediastinal constraint and potentially DVI that 

may impact exercise capacity – though the effects of changes in the thorac—abdominal 

gradient should not be discounted.  

 

6.1.3. RMT in athletes with C-SCI 

The effects of RMT on pulmonary function, exercise capacity, and operating lung 

volumes were studied in Chapter 5. 

This study found that six weeks combined IMT and EMT increased peak aerobic 

work rate and reduced EELV during exercise. The intervention enhanced both inspiratory 
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and expiratory muscle strength in highly-trained athletes with cervical SCI with no 

significant effect on resting lung volumes. Further, 45° head-up tilt greatly reduces 

LVEDV and LVSV at rest which is irreversible by RMT. 

Collectively, the findings of this study demonstrated that RMT has the potential to 

enhance aerobic exercise capacity in athletes with cervical SCI. 

 

6.2. Practical implications for athletes 

The findings of this thesis are highly relevant to elite athletes with C-SCI 

competing in sports such as wheelchair rugby, para-cycling, and para-athletics. The thesis 

describes the response to high intensity exercise in this population and how the effects of 

C-SCI on cardiovascular and pulmonary function combine to limit aerobic exercise 

capacity. Dynamic hyperinflation is shown to be directly due to the injury itself rather 

than exercise modality, and the impact of this alteration in respiratory mechanics on the 

left-ventricle is described. Finally, Chapter 5 demonstrates that a six-week RMT 

intervention may be adopted to by athletes with C-SCI to reduce EELV during exercise 

and to enhance exercise capacity. It is likely that athletes with the least respiratory 

function, reflected by increased RV, reduced PImax and PEmax, and dynamic 

hyperinflation, may experience the greatest benefit from RMT as it is these individuals 

for whom the lungs most constrain the left-ventricle. 

 

6.3. Recommendations for future research 

6.3.1. Isolated expiratory muscle training 

An isolated EMT intervention, at similar intensities relative to PEmax as used in 

Chapter 5, may further elucidate the mechanisms by which RMT enhances exercise 

capacity in athletes with C-SCI. IMT alone has also been found to enhance exercise 

capacity in this population with the proposed mechanism being a strengthened respiratory 

muscle pump [135]. This thesis suggests that the inclusion of EMT acts to reduce EELV 

throughout exercise that reduces mediastinal constraint and DVI. An isolated EMT 

intervention would help to determine the mechanisms of the improved exercise capacity 

reported in Chapter 5. 
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6.3.2. Effects of abdominal binding on heart-lung interaction 

 As mentioned previously, abdominal binding enhances field exercise performance 

in athletes with C-SCI [69,106]. The suggested mechanism for this is an enhanced 

configuration of the respiratory muscle pump, reduced abdominal vascular compliance, 

and the translocation of blood from the abdomen to thorax. Studies in the non-athletic 

population have supported the use of abdominal binding in enhancing VR and LVSV in 

response to orthostatic challenge but did not use echocardiography (i.e. the gold standard 

measure of cardiac volumes) in determining this and should therefore be considered with 

caution [116,117]. 

Interestingly, abdominal binding also reduces EELV during exercise in athletes 

with C-SCI [69]. Considered with the data presented in Chapter 4, this suggests a further 

mechanism by which binding may enhance LVSV and exercise performance – by 

offsetting the negative effects of dynamic hyperinflation on left-ventricular function. By 

repeating the expiratory loading conditions described in this thesis with an abdominal 

binder this mechanism may be further explored. 

6.3.3. ITP regulation therapy in the treatment of orthostatic hypotension in C-SCI. 

Orthostatic hypotension, characterized by a drop in BP upon the assumption of an 

upright posture, is a common complication following C-SCI[196,197]. 

ITP regulation therapy, in which patients breath through a device that provides 

inspiratory resistance, has been demonstrated to reduce symptoms of orthostatic 

symptoms in able-bodied individuals [198,199]. It appears that a ‘sweet spot’ in which 

the nadir Pes is ~7 cmH2O lower than that during quiet breathing increased LVEDV and 

LVSV during orthostatic challenge [199,200]. 

It would be interesting to extend this research in able-bodied individuals to 

individuals with C-SCI who experience orthostatic hypotension by facilitating the 

translocation of blood from the abdomen. 

 

6.4. Conclusions 

This thesis provides a number of novel findings regarding heart-lung interactions 

following C-SCI that are summarized below. 
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1) Compared to able-bodied, individuals with C-SCI exhibit a neurologically limited HR 

and an altered ventilatory pattern during maximal and sub-maximal exercise that is a 

consequence of impaired sympathetic outflow and expiratory muscle weakness, 

respectively. 

2) Individuals with C-SCI exhibited dynamic hyperinflation in response to arm-

ergometry whereas able-bodied do not. This finding suggests that the observed 

hyperinflation is a direct consequence of the injury itself. 

3) Expiratory resistive loading acutely alters respiratory mechanics in C-SCI compared to 

quiet breathing, characterized by a more negative ITP on inspiration. More negative ITP 

combined with expiratory resistance allowed for individuals to generate higher expiratory 

ITP but also led to dynamic hyperinflation in which EELV was similar to that observed at 

80 % peak arm-ergometry work rate. 

4) Expiratory loading acutely reduces LVEDV in C-SCI. Potential mechanisms for this 

reduction in LVEDV include DVI and mediastinal constraint subsequent to dynamic 

hyperinflation. 

5) Pressure-threshold RMT enhances respiratory muscle strength and lowers resting FRC 

in elite athletes with C-SCI but does not effect FVC or FEV1. 
6) RMT in elite athletes with C-SCI lowers exercising lung volumes and offsets dynamic 

hyperinflation, which was accompanied by enhanced exercise capacity and V̇O2peak in 

each study participant. 

 

Collectively, these conclusions demonstrate that athletes with C-SCI have altered 

respiratory patterns - in particular they are more susceptible to experiencing dynamic 

hyperinflation and that this can alter cardiac function and, potentially, aerobic exercise 

capacity. Preventing dynamic hyperinflation with RMT can lower exercising lung 

volumes and improve aerobic exercise capacity.  
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