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ABSTRACT  

Spinal cord injury (SCI) leads to drastic loss of motor and sensory 

function. The autonomic consequences of SCI are less well known and include 

diminished cardiovascular control, with large decreases and increases in blood 

pressure; conditions known as orthostatic hypotension (OH) and autonomic 

dysreflexia (AD), respectively. These disorders have important quality of life 

implications for individuals with SCI, due not only to blood pressure fluctuations, 

but also due to proposed alterations in cerebral perfusion secondary to impaired 

cerebral autoregulation. However, comprehensive studies examining 

autoregulation during OH and AD after SCI are scarce. We, therefore, 

determined cardiovascular and cerebrovascular responses to these conditions in 

individuals with SCI; accounting for level and severity of injury to sympathetic 

cardiovascular pathways, arterial gas concentrations and symptoms. Our results 

indicate, for the first time, that cerebral autoregulation is diminished after SCI and 

that this dysfunction is related to the level and severity of autonomic injury.  

 
Keywords:  Cerebral autoregulation; cerebral blood flow; spinal cord injury; 
blood pressure; orthostatic hypotension; autonomic dysreflexia 
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1: BACKGROUND 

1.1 Epidemiology of Spinal Cord Injury 

Spinal cord injury (SCI) is a devastating condition that has severe 

physiological consequences. The annual incidence of SCI in the United States 

alone is approximately 40 cases per million population, or approximately 12,000 

new cases each year.1 The incidence rates are similar in Canada.2 The two most 

common causes of SCI are motor vehicle accidents (35%) and falls (31%), with 

motor vehicle accidents the most common cause in young and middle-aged 

persons and falls the most common cause of SCI in the elderly. The male-to-

female ratio is approximately 3:1, perhaps reflecting the association between 

males and high-risk activities. The mean age at injury is 42 years; however, this 

reflects a bimodal distribution with peaks in the third and eighth decades.2 

Cervical injuries (C4-C5) are the most common spinal cord injuries and account 

for approximately 75% of all cases.2, 3 Unfortunately, high-level injuries are also 

associated with more drastic functional effects.  

1.2 Physiological Consequences of Injury 

As both motor and sensory tracts are located within the spinal cord, 

damage to the cord often leads to disrupted sensation and control of movement. 

The severity of impairment post-SCI depends on both the level of the injury (the 

highest spinal segment at which functional loss occurs) and the degree of injury 

(i.e. complete or incomplete loss of function below the lesion). The higher the SCI 
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the more drastic the loss of motor control such that an individual with a complete 

injury at the 5th cervical vertebra (C5) would likely have some shoulder and bicep 

control but no control of the wrist or hand as well as no abdominal and trunk 

muscle control. In contrast, an individual with a complete injury at the 10th 

thoracic vertebrae (T10) will retain control of the arms and hands as well as 

abdominal muscle and trunk muscle control for stability. Neither individual would 

have motor control or sensation of the lower extremities. Individuals with 

incomplete injuries have variable levels of motor control and sensation below the 

lesion depending on which tracts of the spinal cord have been spared at the 

injury site. Motor and sensory function, especially of the upper extremities, is an 

important determinant of post-injury independence4-6 and studies have shown 

that increased independence and physical activity positively influence quality of 

life in people with SCI.7, 8 

Not all spinal cord injuries cause equivalent neuronal damage and, 

therefore, a system of classifying the severity of a SCI is important. The 

American Spinal Injury Association (ASIA) Impairment Scale (AIS) is used to 

determine severity of injury to motor and sensory pathways following SCI. The 

AIS rates the severity of injury from A to E determined by assessing motor 

function in 10 different muscle groups and sensory function in 28 dermatomes9-11 

(Appendix A). In addition to quantifying severity of injury, the AIS also determines 

the level at which the injury to the cord occurred. The combination of information 

on injury level as well as a measure of motor and sensory damage, implicit in the 

AIS, provides a convenient system for the classification of spinal cord injuries. 
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One significant drawback to the AIS, however, is that it does not provide a 

quantitative appraisal of the autonomic impairments that accompany SCI. 

Instead, descriptive criteria are incorporated in the evaluation such as the 

presence or absence of autonomic impairment but not severity. A more 

quantitative measure of autonomic function post-SCI is warranted as this would 

enable clinicians to more accurately assess changes in autonomic function, 

either occurring spontaneously or due to treatment, management or 

rehabilitation, similar to the quantification of changes in motor and sensory 

function post-injury via the AIS examination. 

1.3 Autonomic Consequences 

Autonomic nervous system fibres descend through the spinal cord in the 

anterior interomediolateral column, so injury to the cord may cause widespread 

autonomic dysfunction.12 Indeed, for many people with SCI, alleviation of 

problems associated with autonomic dysfunction is a higher priority than 

regaining motor or sensory function.13 A study by Anderson (2004) surveyed 681 

participants with SCI to determine what aspects of the injury most affected their 

quality of life.13 Her results indicated that for paraplegics approximately 45% 

regarded recovery of autonomic function as the highest priority for the betterment 

of their quality of life. Most quadriplegics regarded regaining arm and hand 

function as the highest priority (48.7%); however, a substantial part of this 

population also listed recovery of autonomic function as the biggest problem 

affecting their quality of life (21.9%). Similar results have been obtained in other 

studies.6 For both paraplegics and quadriplegics, the inability to walk was ranked 
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lower than control of autonomic function. These studies highlight the importance 

of conducting autonomic function research in people with SCI.  

The autonomic nervous system, comprised of the sympathetic, 

parasympathetic and enteric divisions, is responsible for coordinated control of 

many physiological homeostatic mechanisms. Almost every organ and system in 

the body relies on the coordinated effort of sympathetic and parasympathetic 

stimulation for normal functioning (Figure 1). However, not all autonomic fibres 

descend through the spinal cord before innervating their target organs. In the 

sympathetic nervous system, descending tracts relay information from 

supraspinal centres through the spinal cord before synapsing with preganglionic 

sympathetic neurons located in the interomediolateral cell column of T1-L2. 

These cholinergic neurons exit the spinal cord to synapse with cell bodies of 

postganglionic fibres located in the paravertebral ganglia. Most postganglionic 

fibres exit the paravertebral ganglia and innervate the target organ using 

noradrenaline (NA) as their neurotransmitter. However, some exceptions exist. 

For example, sympathetic postganglionic innervation of the sweat glands is 

mediated by acetylcholine via muscarinic receptors. In the parasympathetic 

nervous system, spinal preganglionic neurons are located more caudally at 

segments S2-S4. These fibres exit the spinal cord and innervate cholinergic 

postganglionic neurons located in ganglia adjacent to the targeted end effector 

(i.e. gland, organ, smooth muscle cell, etc.) in question.12 However, 

parasympathetic innervation also occurs via cranial nerves III, VII, IX and X 

whose cell bodies are located within the brainstem. These nerves synapse 
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directly onto end effector targets, bypassing the spinal cord.12 Therefore, after 

SCI parasympathetic control from the cranial nerves remains intact whereas 

parasympathetic control from the sacral spinal cord is generally lost. Loss of 

sympathetic control, on the other hand, is largely dependent on the level and 

severity of SCI with higher level cervical injuries associated with increased loss of 

sympathetic control.  

Although the global autonomic consequences of SCI are profound and 

devastating, this thesis will focus on the cardiovascular deficits that occur after 

SCI. 
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Figure 1 Overview of the autonomic nervous system 

Left panel: sympathetic nervous system, including point of exit from the spinal cord as well as 

pre-ganglionic and post-ganglionic connections. Right panel: parasympathetic nervous system. 

Note how most parasympathetic projections arise from the brainstem or the sacral region of the 

spinal cord whereas most sympathetic projections arise from the thoracic and upper lumbar 

regions of the spinal cord. After high-level autonomically SCI sympathetic control of the heart and 

blood vessels is lost although parasympathetic control of the heart remains intact. As the 

autonomic nervous system controls many different systems in the body, destruction of these 

spinal tracts after SCI can have widespread quality-of-life effects for individuals with SCI. Taken 

from Richerson GB, The Autonomic Nervous System.
12
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1.3.1 The Effect of Spinal Cord Injury on the Cardiovascular System 

Cardiovascular disease is a leading cause of death in both the acute and 

chronic stages following SCI.14 Common cardiovascular pathologies in people 

with SCI include heart rate (HR) abnormalities, cardiac arrhythmias, hypotension, 

orthostatic hypotension, autonomic dysreflexia, deep venous thrombosis and 

early-onset coronary heart disease.14, 15 Injury to descending spinal autonomic 

pathways is thought to play an important role in many of these disorders. As 

mentioned previously, following SCI the descending sympathetic tracts may be 

impaired, whereas the parasympathetic tracts innervating the cardiovascular 

system generally remain intact. Most blood vessels are innervated primarily by 

sympathetic neurons which exit the spinal cord from vertebral segments T1-L2, 

and therefore have minimal influence from the parasympathetic system.16 Loss of 

tonic sympathetic drive to the blood vessels after SCI leaves blood vessels less 

constricted at rest and produces persistent hypotension.17, 18 Furthermore, 

sympathetic innervation of the major vascular resistance and capacitance bed 

(the splanchnic vascular bed) in individuals with SCI arises from sympathetic 

neurons exiting the spinal cord from vertebral segments below T5.19 The 

splanchnic, or visceral, vascular bed is the site of a substantial volume of blood 

at rest and, consequently, an important regulator of regional blood volume.20, 21 

This is especially true for individuals with SCI as, after injury, atrophy of the 

muscles in the lower extremities occurs, decreasing the capacity of the lower 

limb muscles to act as a reservoir for blood. The loss of sympathetic control of 

this resistance and capacitance bed has major implications for the control of 

arterial blood pressure.  
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In addition to disrupted blood pressure control, SCI can also lead to 

abnormalities in the control of HR and rhythm. The heart is innervated by the 

parasympathetic nervous system via the vagus, or cranial nerve X (CN X), as 

well as by the sympathetic nervous system via sympathetic neurons that exit the 

spinal cord in the upper thoracic segments of T1-T5.15 After SCI parasympathetic 

innervation of the heart remains intact, and if the SCI is above T5 bradycardia 

may persist due to loss of descending control of sympathetic innervation.15 Other 

cardiac arrhythmias and irregularities such as atrioventricular blocks, 

supraventricular tachycardia, ventricular tachycardia and primary cardiac arrest 

have also been noted in people with SCI.14 These cardiac irregularities are also 

thought to be due to loss of supraspinal sympathetic control of the heart.15  

Many of these problems have a severe impact on the quality of life for 

people with SCI, and may be life-threatening. Disrupted blood pressure control 

represents a particular challenge, because SCI individuals are prone to both 

extreme hypotension (orthostatic hypotension, OH), and hypertension 

(autonomic dysreflexia, AD), representing both a diagnostic and management 

challenge.  

1.3.1.1 Orthostatic Hypotension 

OH is defined as a decrease in systolic pressure by greater than 20 

mmHg and/or a decrease in diastolic pressure by greater than 10 mmHg when 

changing from a supine to an upright position, regardless of whether symptoms 

occur.22 The incidence of OH after SCI varies significantly with rates of up to 74% 

reported in SCI patients undergoing rehabilitation.23, 24  The likelihood of 
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experiencing OH regularly is dependent on the level of SCI, with higher lesions 

rendering the individual more susceptible to an increased frequency and severity 

of OH.25  

The exact mechanisms underlying OH after SCI remain unknown.18 Loss 

of descending vasomotor control of the splanchnic vascular bed in high-level SCI 

would be expected to severely impair blood pressure control. In healthy, able-

bodied individuals, the baroreflex response to hypotension includes decreased 

parasympathetic and increased sympathetic activity to the heart resulting in 

increased HR and contractility. In addition, increased sympathetic 

vasoconstriction of the peripheral vasculature increases total peripheral 

resistance resulting in increased blood pressure.18 In comparison, for individuals 

with high level autonomically complete SCI, a large proportion of the baroreflex 

response during orthostasis is mediated by vagal withdrawal (as mentioned 

earlier, the cardiac vagus nerve would likely remain intact following SCI). While 

this vagal response can ameliorate OH, the loss of vital sympathetically-mediated 

vascular resistance and capacitance responses in the splanchnic vascular bed 

renders it insufficient to prevent the OH.  

Another suggested mechanism involves the baroreceptors directly. 

Munakata et al (2001) determined baroreflex sensitivity using transfer function 

analysis between systolic blood pressure and RR interval variability in individuals 

with various levels of SCI.26 They found that baroreflex sensitivity significantly 

increased during 60° head-up tilt in individuals with high-level injuries at or above 

T3 although there was no difference in sensitivity between able-bodied controls 
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and individuals with low-level spinal cord injuries. Another study by Convertino et 

al (1991) used neck collar pressure manipulations in able-bodied controls and 

individuals with high-level SCI to non-invasively determine baroreflex function.27 

They found that HR responses to manipulations in carotid pressures were 

attenuated in individuals with high-level SCI and that baroreflex dysfunction may 

be due to loss of stimulation to carotid baroreceptors from continually maintaining 

an upright-seated position.  

A third proposed mechanism involves lack of skeletal muscle pump 

activity. In able-bodied individuals blood pools into the veins of the legs during 

the assumption of an upright position and returning this blood to the heart 

requires contraction of the surrounding leg muscles; a mechanism known as the 

skeletal muscle pump. After complete SCI loss of motor control to the lower limb 

muscles results in reduced skeletal muscle pump activity and a consequent 

reduction in the effective circulating volume of blood, causing hypotension. Two 

other proposed mechanisms for the high incidence of OH after SCI include 

cardiovascular deconditioning18 and altered salt and water balance.28 Physical 

deconditioning is common among individuals with SCI due to a diminished ability 

to perform physical activity post-injury.18 This diminished physical ability may lead 

individuals with SCI to live more sedentary lifestyles29 and, coupled with the 

prolonged bed rest individuals with SCI must endure immediately post-injury, can 

lead to profound cardiovascular deconditioning. Diminished blood volume, 

decreased muscle or tissue pressure in the extremities secondary to reduced 
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muscle mass, and alterations in the sympathetic nervous system are all factors 

associated with cardiovascular deconditioning thought to predispose to OH.30  

Finally, as plasma volume is intricately related to blood pressure, 

reductions in plasma volume due to impaired sodium and water retention in the 

seated position could predispose individuals with SCI to OH.18 After 

autonomically complete SCI sympathetic afferents of the renin-angiotensin-

aldosterone system (RAAS) are unable to transmit information regarding reduced 

renal blood flow to supraspinal centres resulting in inadequate RAAS activation 

and incomplete compensation for OH. Furthermore, previous studies in 

individuals with SCI have shown exaggerated antidiuretic hormone (ADH) 

responses during orthostatic stress; likely a compensatory mechanism to 

increase vasoconstriction in the absence of an ability to mount a sympathetic 

response. In turn hyponatremia, or decreased serum sodium concentrations, is a 

manifestation of increased ADH activity and this, in addition to the alterations in 

RAAS activity, is likely to predispose individuals with SCI to smaller plasma 

volumes.18, 28   

1.3.1.2 Autonomic Dysreflexia 

AD was first recognized as a syndrome in 1890 by Anthony Bowlby31, and 

Guttmann and Whitteridge32  gave a full description of the disorder in 1947. AD is 

described as a syndrome of massive reflex sympathetic discharge causing 

dangerously high elevations in blood pressure in SCI individuals following 

sensory stimuli below lesion. AD most often occurs in those individuals with 

lesions above T6. Systolic pressures in excess of 300 mmHg have been reported 
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during episodes of AD, accompanied by symptoms such as pounding headache, 

bradycardia and upper body flushing.33 The triggering sensory stimuli do not 

necessarily need to be noxious (although responses to noxious stimuli may be 

more severe in some individuals), and indeed the most common precipitants of 

AD are urological (i.e., bladder distension, urodynamics) and gastrointestinal 

(i.e., rectal distension) in nature. Other stimuli include urinary tract infections, 

fractures and pressure sores.34 Interestingly, once the stimulus is removed the 

AD quickly subsides relieving the individual of his or her symptoms. Although the 

exact incidence of AD within the SCI community remains unclear, it is thought to 

occur in 50-70% of individuals with lesions above T5. However, some studies 

report incidences as high as 80%.35-37  

The mechanism underlying AD involves pathways common to the 

pathophysiology of OH. To invoke AD a stimulus below lesion is transmitted to 

the spinal cord via intact peripheral nerves that synapse with both the 

spinothalamic tracts and sympathetic preganglionic neurons in the spinal cord. 

Due to the SCI, afferent spinothalamic tract signals are unable to ascend through 

the spinal cord lesion to supraspinal centres.38 Reflex stimulation of the efferent 

sympathetic preganglionic neurons, however, provokes a strong sympathetic 

surge causing widespread vasoconstriction, most significantly in the splanchnic 

vasculature, leading to peripheral hypertension.38, 39 Inhibitory outflow from 

supraspinal centres is increased in response to this reflex surge, but in 

individuals with autonomically complete SCI, this information cannot descend 

through the spinal cord lesion. In an attempt to compensate, a powerful 
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baroreflex-mediated increase in parasympathetic drive to the heart leads to 

bradycardia. There is also a baroreflex-mediated vasodilation above the lesion 

level, leading to facial flushing.38 However, these compensatory mechnanisms 

are insufficient to combat the hypertension34 and if left untreated AD can cause 

intracranial haemorrhaging, seizures, cardiac arrhythmias, stroke and even 

death.16 

Therefore, OH and AD can cause extreme hypo- and hyper-tension on a 

daily basis, yet we do not have a clear understanding of the relationship between 

hypotension, hypertension and cerebral circulation in the SCI population.  

1.4 Cerebral Autoregulation 

Oxygenation of the brain is tightly controlled. As such, the maintenance and 

regulation of adequate blood flow to the brain is of the utmost importance. 

Cerebral blood flow is regulated by many factors, and different mechanisms have 

been proposed to explain the vascular changes at the cellular level.40 In 

physiological conditions the key determinants of cerebral blood flow are cerebral 

perfusion pressure (largely determined by mean arterial pressure, MAP), arterial 

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

(PaO2).
41, 42 Through vasoconstriction of downstream-resistance vessels at higher 

MAP and vasodilation at lower MAP, the cerebral vasculature is able to maintain 

flow during fluctuations in MAP from approximately 50 mmHg to 150 mmHg in a 

zone referred to as the autoregulatory range.42-44 Thus, cerebral autoregulation 

normally maintains cerebral flow at a relatively constant value irrespective of 

changes in blood pressure (Figure 2). Three hypotheses have been suggested 
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for the mechanisms underlying this tight autoregulatory control: the myogenic 

hypothesis, the metabolic hypothesis and the neurogenic hypothesis. 

The myogenic hypothesis states that smooth muscle cells of the cerebral 

vessels constrict and dilate depending on the transmural pressure exerted upon 

them.45 Although the mechanism of this process is still under investigation it is 

currently believed that stretch of the vascular smooth muscle stimulates the 

opening of stretch-activated channels. This depolarizes the cell membrane, 

opening voltage-operated Ca2+ channels and subsequently allowing Ca2+ entry 

and contraction via myosin light chain kinase activation.46 As cerebral 

autoregulatory responses to blood pressure fluctuations occur quickly, within 

seconds, and as this time corresponds closely to the response times estimated 

from vessels under myogenic control, the rapidity of the autoregulatory response 

provides support for this hypothesis.40, 47, 48 

The metabolic hypothesis states that a transient reduction in blood flow due 

to a decrease in pressure increases the concentration of metabolites which 

vasodilate the vessels.40, 48 Although the rapidity of the response has led some 

researchers to favour the myogenic hypothesis, it is important to note that 

metabolic changes can also rapidly influence the vasculature, within seconds or 

less.47 As PaO2 and PaCO2 concentrations are known to influence the cerebral 

vasculature and, subsequently, cerebral haemodynamics, researchers believe 

these substances elicit their effects via the metabolic mechanism. The cellular 

mechanisms describing cerebral reactivity to CO2 and O2 are unclear. Hydrogen 

ions, prostaglandins and nitric oxide (NO) have all been proposed to modulate 
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the cerebral vasculature in the face of alterations in PaCO2.
49 It is currently 

believed that increasing CO2 modulates cerebral flow by increasing the 

extracellular concentrations of hydrogen ions which, in turn, causes 

vasodilation.49, 50 As CO2 diffuses from parenchymal cells to the vascular smooth 

muscle of blood vessels it causes vasodilation.40 It is especially potent in the 

regulation of the cerebral circulation. Alternatively, hypoxia induces vasodilation. 

This O2-mediated change in vasomotor tone, may involve a direct mechanism 

where inadequate O2 is available to sustain smooth muscle contraction or, 

indirect, whereby decreasing O2 concentration increases vasodilator metabolites 

such as adenosine.40  

 The third hypothesis, the neurogenic hypothesis, states that cerebral 

resistance vessels are under direct sympathetic and parasympathetic control and 

that modulating these nervous outputs cause vasoconstriction and vasodilation in 

the face of blood pressure changes. However, autonomic innervation of the 

cerebral vasculature is highly variable.41 For example, pial arteries vasoconstrict 

via sympathetic activation of α-adrenoreceptors whereas they vasodilate via β-

adrenoreceptors, muscarinic receptors and histamine-2 receptors.43 Furthermore, 

the parasympathetic nervous system can increase cortical blood flow 

independently of cerebral metabolic demands.43 Although the cerebral vessels 

derived from the carotid artery (i.e. middle cerebral artery, posterior cerebral 

artery, etc.) are thought to be richly innervated by autonomic nerves, the 

influence of the autonomic nervous system on cerebrovascular control is 

contentious and the relative importance of neurogenic control on cerebral 
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autoregulation in humans remains unclear. Some evidence in animals suggests 

that these nervous outputs are not the main regulators of cerebral flow, as 

autoregulation persisted in experiments on animals in which parasympathetic 

and sympathetic fibres were cut, presumably due to myogenic or metabolic 

mechanisms.51 However, others have proposed the sympathetic nervous system, 

via stimulation of the highly innervated and norepinephrine-sensitive pial arteries, 

shifts the autoregulatory curve to the right and allows for increased cerebral 

vasoconstrictive capacity, suggesting there is an important role for autonomic 

regulation of cerebrovascular tone. It is currently believed that the roles of the 

sympathetic, and to a lesser degree the parasympathetic, nervous systems in 

cerebral autoregulation are ones of protection during extremes of hypo- or hyper-

tension.45 As this hypothesis relies on direct autonomic control it has important 

implications for people with high-level, autonomically complete SCI in whom 

descending sympathetic control of the cerebral vasculature will be absent. This 

may contribute to the adverse cerebrovascular events, such as fainting during 

OH and headache and stroke during AD, prevalent in individuals with SCI.   

Irrespective of the mechanisms underlying cerebrovascular responses, it is 

important to consider both the static and dynamic components of cerebral 

autoregulation. Static autoregulation refers to regulation of flow in response to 

steady-state changes in blood pressure. Measurements of static autoregulation 

describe the outcome of cerebrovascular autoregulation after it has occurred 

rather than the process itself.52 In the past, techniques of measuring cerebral flow 

were limited to capturing data points once every several minutes. This meant 
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only a few points could be measured after any given cardiovascular challenge, 

and thus, these types of measurements were deemed to reflect static 

autoregulation.53 Static measurements of autoregulation give an indication of the 

overall effectiveness of cerebral autoregulatory responses but do not address the 

time or latency of this response.53 Measurements of dynamic autoregulation, in 

comparison, have that capability. Dynamic autoregulation refers to the 

cerebrovascular responses to a rapid change in blood pressure. New techniques, 

such as transcranial Doppler ultrasound, have enabled scientists and clinicians to 

continuously record cerebral blood flow velocity (CBFV, section 4.2.2.1). By 

comparing the flow values to continuous recordings of blood pressure one can 

determine both the timing and magnitude of cerebral autoregulatory responses 

occurring in response to perturbations, such as manipulations in arterial blood 

pressure. Methods of analysing static and dynamic cerebral autoregulation will 

be discussed in more detail in section 4.1.3.  
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Figure 2 Cerebral autoregulation 

(A) Through a mean arterial pressure range of 50 mmHg to 150 mmHg (cerebral autoregulatory 

range), cerebral blood flow is maintained at approximately 50 mL/100g/min. (B) At physiological 

pressures, changes in arterial CO2 partial pressures elicit linear changes in cerebral flow. (C) This 

is not the case for arterial O2 partial pressures where marked changes in cerebral flow are 

observed in extreme hypoxic conditions only. Taken from NeuroICU.
54

  



 

 19 

1.4.1 Cerebrovascular Autoregulatory Control after Spinal Cord Injury 

Data on cerebral autoregulation during changes in blood pressure in 

individuals with SCI are lacking. Some studies have suggested that cerebral 

autoregulation is impaired in high-level chronic SCI55-57 although others have 

determined it to be normal.58-62 The following is a summary of the previous 

studies examining the relationship between chronic SCI and cerebral 

autoregulatory function. 

One of the first studies to examine cerebral autoregulatory control during 

manipulations in blood pressure in individuals with SCI was performed by Nanda 

et al in 1976.58 They studied 8 individuals with chronic high level spinal cord 

injuries and 13 able-bodied controls. They decreased blood pressure by lower 

body suction and a modified sit-up test. In addition, they also examined cerebral 

responses to increased blood pressure via head-down tilt. This group found that 

cerebral flow was maintained in individuals with SCI during all of the blood 

pressure manipulations. A year after the paper by Nanda et al. (1976) was 

published a study by Yamamoto et al (1980) reported conflicting results.55 

Yamamoto et al (1980) studied 10 individuals with cervical SCI, 4 individuals with 

thoracic SCI and 11 able-bodied controls, all of whom underwent a 30° head-up 

tilt test. They found that resting cerebral flow was significantly lower in individuals 

with cervical and thoracic SCI when compared to controls. They also reported 

that cerebral autoregulation was impaired in individuals with cervical SCI in 

comparison to controls; the severity of impairment was greatest in those with 

acute injury. However, a drawback to both of these studies was the use of 

recording techniques that provided only intermittent data on blood pressure and 
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cerebral flow. With the advent of transcranial Doppler ultrasound in 198263 and of 

finger photoplethysmography in 1978, future studies were able to continuously 

measure CBFV and blood pressure providing researchers with a more accurate 

understanding of cerebral autoregulation. 

The results of recent studies have also been inconsistent. Indeed, many 

studies, often within the same laboratory, report different results regarding 

cerebral autoregulation after SCI. For example, Houtman et al (2000) compared 

10 able-bodied individuals and 11 individuals with SCI above T4 during 70° head-

up tilt and found that although the SCI group exhibited marked decreases in 

blood pressure during tilt the changes in cerebral oxygenation were similar in 

both groups59. One year later the same group  studied cerebrovascular 

responses to supine lower body negative pressure in 8 individuals with SCI 

above T4 and 8 able-bodied controls and reported significant decreases in CBFV 

in the SCI cohort during orthostatic stress56.  Seemingly conflicting results for 

resting cerebrovascular resistance (CVR) during modified cold pressor tests have 

also been reported by other groups with one study60 suggesting there are 

significant differences in CVR between able-bodied controls and individuals with 

SCI and another study57 suggesting there are not. Additionally, control group 

cerebral flow was reported to have increased during the test in one study but not 

in the other. The application of the cold pressor test on different parts of the body 

(the hands in the former study and the feet in the latter) may have influenced 

these results, as individuals with paraplegia will activate intact sympathetic 

reflexes during cold pressor tests to the hands whereas individuals with 
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tetraplegia will not. Cold pressor tests to the feet, however, will illicit no such 

activation should the experimental group have autonomically complete SCI.  

Three recent studies by Handrakis et al (2009)61, Wilson et al (2010)62 and 

Bluvshtein et al (2010)64 provide further information on cerebral autoregulatory 

control after SCI. Wilson et al (2010) studied dynamic cerebrovascular activity by 

analyzing changes in beat-to-beat CBFV in response to corresponding changes 

in beat-to-beat blood pressure. This technique is discussed in more detail in 

section 4.1.3. Their study was performed during rest in 6 individuals with 

tetraplegia and 14 able-bodied controls. They found no differences in dynamic 

cerebral autoregulation in individuals with SCI and controls. Bluvshtein et al 

(2010) measured hemodynamic responses to 35° head-up tilt and compared 

those responses between able-bodied controls and individuals with cervical and 

thoracic SCI. They found that although blood pressure decreased further in 

individuals with cervical SCI during head-up tilt CBFV was not significantly 

different between all 3 groups (although CBFV tended to decrease in all groups 

during the tilt). A drawback to this study is that their thoracic SCI group included 

individuals with injuries between T4 and T6 and individuals within this group may 

have variable control of the splanchnic vascular bed influencing global blood 

pressure control.64 Handrakis et al (2009) studied 7 individuals with tetraplegia 

and 7 able-bodied controls, all of whom underwent a hypotensive challenge 

consisting of angiotension-converting enzyme inhibition and 45° head-up tilt. 

Although blood pressure decreased further in individuals with SCI during the 

protocol as compared to controls the change in CBFV from baseline to post-
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challenge was not different between the experimental and control groups. 

Handrakis et al (2009) analysed this observation further to characterize whether 

differences in cerebrovascular reactivity in the SCI group were related to the 

presence of symptoms during the protocol; a concept first discussed by Gonzalez 

et al in 1991.65 In that paper, Gonzalez et al (1991) studied 20 individuals with 

SCI above T6 and divided them into 2 groups; one group for individuals who 

were asymptomatic during head-up tilt of variable angles and another group for 

individuals who were symptomatic. They found that although the decrease in 

blood pressure was not significantly different between groups the CBFV 

decreased significantly more during orthostatic stress in symptomatic individuals 

with SCI (Figure 3). Handrakis et al (2009) found a similar trend within a smaller 

sample of 2 symptomatic individuals with SCI.  
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Figure 3 Relationship between symptoms of orthostatic hypotension and 
cerebral blood flow 

Measurements of CBFV from the MCA were obtained from 10 asymptomatic and 9 symptomatic 

individuals with SCI during passive head-up tilt at various angles noted on the x-axis. Although 

CBFV decreased in all individuals during the manoeuvre (p<0.01), the decrease in CBFV during 

the 80° head-up tilt was greater in the symptomatic group (p<0.02). This finding highlights the 

importance of assessing symptoms and determining their relationship with cerebral 

autoregulation in individuals with SCI. Taken from Gonzalez F et al (1991).
65
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In all, previous studies to date have provided inconsistent information 

regarding cerebral autoregulation after SCI. Many previous studies suffer from 

several limitations that could explain these contradictions. First, the autonomic 

completeness of injury was not taken into account for most studies, instead an 

individual’s AIS score was used to subdivide data; however, this does not 

necessarily correspond to complete destruction of autonomic tracts.66 Although 

the influence of the autonomic nervous system on cerebrovascular reactivity is 

contentious, many studies suggest that sympathetic activation of the cerebral 

vasculature has a protective effect on maintaining cerebral flow during bouts of 

very low and very high blood pressures, so the lack of attention to autonomic 

severity of injury could directly influence the results. In addition, lack of evaluation 

of the integrity of autonomic control of the splanchnic vascular bed would 

introduce a confound through its effects on blood pressure control, presenting a 

different autoregulatory challenge in those with differing severities of injury to 

autonomic pathways. Many previous studies did not attempt to determine 

whether symptoms persisted during these changes in blood pressure, nor did 

many of them control for other known determinants of cerebral flow that may 

accompany marked changes in arterial pressure, such as PaCO2 and PaO2, 

which may themselves alter autoregulatory responses. Older studies were 

technologically limited to record only intermittent cerebral autoregulatory data. In 

some studies, conflicting results could have been the result of using different 

techniques to simulate orthostatic stress. This could have influenced the 

intracranial pressure (ICP) and activated vestibular efferents to the cerebral 
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vasculature, thereby changing cerebral flow independent of SCI. Therefore, the 

need for a study examining beat-to-beat cerebral autoregulation after SCI that 

factors variables such as oxygen and carbon dioxide partial pressures, 

symptoms and autonomic completeness of injury is paramount. The results of 

such a study could provide important and necessary information on the dynamics 

of cerebral autoregulation post-SCI. 
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2: AIMS 

The purpose of this study is provide a comprehensive, beat-to-beat 

assessment of the cardiovascular and cerebrovascular responses to OH and AD 

in people with SCI. Static and dynamic cerebrovascular responses to fluctuations 

in blood pressure will be determined. We will correlate cardiovascular and 

cerebrovascular responses with autonomic completeness of SCI as well as 

severity of symptoms during episodes of OH and AD. 
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3: HYPOTHESES 

i. Impairments in cardiovascular and cerebrovascular control will be related 

to level of spinal injury as well as the severity of destruction of autonomic 

pathways.  

ii. Cerebral autoregulation will be impaired in individuals with SCI who are 

symptomatic during OH and/or AD but not in asymptomatic individuals 

with SCI.  
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4: METHODOLOGY 

4.1 Methodological Considerations 

4.1.1 The “Sit-up” Test 

In this study, we assessed cardiovascular and cerebrovascular responses 

to orthostatic stress via the use of a “sit-up” test. In this test, subjects lay supine 

for 15 minutes on a bed capable of adjustment to a seated position. During this 

time baseline recordings were conducted. After 15 minutes, the subject was 

passively moved to a 90° seated position. They maintained this position for 

another 15 minutes. This test is used extensively to mimic orthostatic challenges 

for individuals with SCI.23, 24 

Head-up tilt testing is another commonly used procedure for inducing OH 

and assessing cardiovascular autonomic responses to orthostatic stress. In this 

procedure subjects lay supine for 10-20 minutes on a bed capable of rotating 

about a central axis.67 After this time they are passively moved into, typically, a 

60° head-up tilted position where they remain until pre-syncope.67 Often the use 

of different agents such as glyceryl trinitrate (a vasodilator), isoproterenol 

(positive inotropic and chronotropic agent as well as a skeletal muscle arteriole 

vasodilator) or lower body negative pressure are used in conjunction with the 

head-up tilt to further decrease blood pressure should the subject not reach pre-

syncope.67 One problem with using head-up tilt to induce OH in individuals with 

SCI is that they will find it difficult to maintain their tilted position due to the 
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inability to contract their lower limb muscles. Furthermore, the seated position as 

seen in the sit-up protocol mimics more accurately the position in which 

individuals with SCI exhibit OH; unlike the tilt test which better represents the 

movements causing OH in able-bodied people. The use of vasoactive agents to 

induce OH may not be appropriate for individuals with SCI as these individuals 

normally have low resting arterial pressures and pharmacological administration 

to decrease these pressures further could be dangerous.  

The use of the sit-up test to induce OH in individuals with SCI has 

previously been performed in other studies.23, 24 As the sit-up test is a low-risk 

procedure and as individuals with SCI spend the majority of their time in a similar 

seated position, we opted to use the sit-up test to determine responses to OH in 

this study.  

4.1.2 Urodynamics 

Cardiovascular and cerebrovascular responses to AD were assessed by 

applying a visceral sensory stimulus (bladder distension) using a standard 

urodynamics protocol. In this protocol, a catheter is inserted into the bladder 

whereupon assessment of bladder muscle, sphincter and urethral function is 

possible by recording pressures exerted by these structures on the catheter. In 

clinical practise urodynamics testing is used to assess urological complications 

such as incontinence, incomplete voiding and recurrent urinary tract infections 

(UTI). However, our interest in the urodynamics protocol relates to its ability to 

invoke moderate AD in susceptible individuals, thereby providing us with an 
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opportunity to assess cerebral autoregulation during an episode of hypertension 

associated with AD.  

The entire urodynamics test was performed in the supine position since 

performing the procedure whilst sitting could induce OH, which would attenuate 

any blood pressure responses caused by the AD, thereby influencing the results 

of the test. Furthermore, detrusor hyperreflexia, a condition in which there is 

increased contractile activity of the detrusor muscle of the bladder, is a common 

problem among individuals with SCI and therefore urodynamics is best 

performed supine.68, 69 

Using the urodynamics protocol to invoke AD in individuals with SCI is 

beneficial for the purpose of our study in a number of ways. There are many 

stimuli that can invoke AD; however, a large majority of these stimuli are noxious 

in nature, such as UTI’s, bone fractures and ulcers.34 Therefore, most stimuli 

known to invoke AD are unacceptable for use in research. Of the acceptable 

stimuli only genital stimulation, bladder distension and rectal distension are 

feasible. We were interested in a stimulus that commonly invokes AD, is 

applicable to both men and women and is visceral in nature. Urodynamics is a 

procedure that individuals with SCI are suggested to have done yearly to assess 

upper urinary tract and bladder function.70 As such, this procedure does not pose 

any added risk and avoids undue embarrassment associated with sexual or 

bowel stimuli. In addition, the urodynamics assessment is performed by a 

specialist research nurse, and the results from this test can be used to replace 

the regular urodynamics requirement. The stimulus employed in our procedure is 
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less than typically encountered during normal bladder care and the additional 

monitoring equipment allows us to safely perform this test. As bladder stimulation 

and management is a daily routine after SCI, our protocol will not provoke an 

exaggerated attack of AD that would not normally occur. For these reasons we 

opted to perform urodynamics in our assessment of responses to AD. 

4.1.3 Determining Static and Dynamic Cerebral Autoregulation 

Cerebral autoregulation can be evaluated by measuring the relative blood 

flow changes in response to steady-state changes in pressure (static method) or 

during the response to a rapid change in blood pressure (dynamic method).53  

For measurements of static cerebral autoregulation (sCA), the correlations 

and gradients describing the relationship between the cerebral mean arterial 

pressure (CMAP) and CBFV were evaluated. The correlation between CMAP 

and CBFV provides an indication of sCA whereby an increased correlation 

indicates a strong relationship between CMAP and CBFV (and consequently 

diminished autoregulation) and a decreased correlation indicates no relationship 

between CMAP and CBFV (and adequate autoregulation). The gradient of the 

slope between CMAP and CBFV provides another indicator of cerebral 

autoregulatory function. An increased gradient indicates diminished 

autoregulation as changes in pressure illicit marked changes in flow. In contrast, 

a gradient approaching zero indicates that changes in pressure do not cause 

changes in flow; a relationship we would expect in individuals with satisfactory 

cerebral autoregulatory control.71   



 

 32 

Ordinarily CBFV is analysed against the cerebral perfusion pressure, or 

CPP. The CPP is the net pressure gradient driving cerebral perfusion and is 

calculated by subtracting the ICP from the CMAP. However, in practice, CPP is 

approximated from the CMAP alone, for two reasons. First, ICP is a difficult 

parameter to measure. It can be non-invasively monitored by magnetic 

resonance imaging (MRI) but this technique is expensive, provides only a 

snapshot of the ICP and is cumbersome, as subjects must maintain a fixed 

position within the MRI machine.72 Continuous recordings of ICP are possible but 

require invasive surgical procedures wherein pressure transducers are inserted 

through the brain into the lateral ventricle to monitor pressure within the skull.72  

Second, the ICP is typically so small as to be negligible. Average ICP values for 

healthy adults when supine are 7-15 mmHg73; compared to CMAP values of 90 

mmHg for healthy adults in the same position. For these reasons, it is common to 

use CMAP as a surrogate measure of CPP. 

Measurements of dynamic cerebral autoregulation (dCA) between CMAP 

and CBFV are determined via cross-spectral analyses of the time series 

generated from the beat-to-beat measures of CMAP and CBFV. Cross-spectral 

analyses between CMAP and CBFV provide information on the beat-to-beat 

relationship between pressure and flow in the cerebral vasculature. Unlike sCA 

which examines the overall cerebral pressure-flow relationship over longer 

periods of time and does not take into account the speed at which CBFV 

recovers following a change in pressure,53, 74 cross-spectral analysis in the 
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determination of dynamic cerebral autoregulation provides information on rapid 

cerebral blood flow responses to transient increases or decreases in CMAP.  

The coherence, phase delay and gain are the three principal output 

measures of the cross-spectral analysis technique. The coherence function 

provides a common test of linearity between the variables in question in which a 

coherence value close to 1.0 indicates that the system is linear. However, a low 

coherence value (<0.5) does not necessarily mean the variables are non-linearly 

related. For example, a low coherence value could also exist when extraneous 

noise is present in the measurements, the output is due to more than one input 

and there is no relationship between input and output values.75 The two 

remaining output measures, phase delay and gain, fundamentally assume that 

the system is linearly related (the system coherence is ≥ 0.5). Typically, 

therefore, coherence values are used solely as thresholds for determining what 

data is acceptable for phase delay and gain analysis (those with coherence 

values ≥ 0.5) and those that are not (data with coherence values < 0.5). 

However, some previous studies have suggested that analysis of coherence 

values themselves may be useful for evaluating cerebral autoregulation where 

higher coherence values indicate decreased autoregulatory control and vice 

versa, according to the same principles that govern sCA measures.62, 75 The 

phase delay between CMAP and CBFV provides information on the time delay, 

or latency, between changes in pressure and corresponding changes in flow 

where larger phase delays indicate increased “lag” between CMAP and 

corresponding CBFV, and vice versa. We expect that individuals with diminished 
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cerebral autoregulation will have decreased phase shifts in comparison to those 

individuals with satisfactory autoregulation.76 The transfer function gain (or gain), 

provides information on the magnitude of the change in CBFV as a function of 

the input magnitude of CMAP (Figure 4). With the removal of autonomic neural 

activity, as we would expect for some individuals with SCI, previous studies have 

shown gain to increase (greater changes in CBFV exist for any given change in 

arterial pressure).77 Smaller gain values are indicative of more effective cerebral 

autoregulation.78 Cross-spectral analyses have been used extensively in the 

determination of dCA.71  
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Figure 4 Dynamic cerebral autoregulation 

The above figure is an example trace showing the three principal parameters determined in an 

assessment of dynamic cerebral autoregulation via cross-spectral analyses. Coherence provides 

a test of linearity wherein values at or above 0.5 denote that the output (CBFV) is linearly related 

to the input (CMAP). Attaining this threshold value allows the operator to accurately assess the 

gain and phase. Gain, or transfer function gain, is a measure of the change in the output variable 

relative to the input variable. Finally, phase is a measure of the time delay or “lag” between 

changes in the input and changes in the output. Note that, much the same as regular frequency 

analyses, each spectrum can be divided into distinct frequency bands such as the low frequency 

(LF; ~0.1Hz) and high frequency (HF; ~0.25Hz) bands.  
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4.2 Technological Considerations 

4.2.1 Cardiovascular Measurements 

4.2.1.1 Finger Photoplethysmography 

Measurements of beat-to-beat arterial blood pressure are an important 

component of this study as they are necessary for the determination of dynamic 

cerebral autoregulation as well as baroreflex control. Previous methods of 

measuring continuous arterial blood pressure include intravascular cannulation, 

in which a small tube with an attached force transducer is inserted into an artery 

to allow for direct measurements of pressure. However, this technique is highly 

invasive, painful and carries a risk of causing damage to the arteries, although it 

does provide continuous recordings of blood pressure. Another method 

commonly used is that of intermittent recordings from the brachial artery. A cuff is 

placed and inflated over the brachial artery and as the pressure is slowly 

released the observer can either manually listen for Korotkoff sounds with a 

sphygmomanometer or use an automated device that detects systolic and 

diastolic pressure mechanically. This technique is non-invasive but provides only 

intermittent recordings.  

Finger photoplethysmography is a solution to these issues.79 

Plethysmographs are devices used to record changes in volume, in this case, 

from fluctuations in blood volume. Finger photoplethysmography, as the name 

implies, records blood pressures via a small cuff wrapped around the middle 

finger of the subject.  The benefits of using this technique for recording blood 

pressures are that it is non-invasive, painless and allows for continuous 
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measurements of blood pressure. The device is capable of detecting changes in 

arterial diameter via changes in light absorption. At a cuff transmural pressure of 

0 mmHg, the intra-arterial pressure equals the pressure in the finger cuff. By 

using a volume-clamping technique the device is able to adjust the cuff pressure 

rapidly as changes are detected in the arterial diameter. In doing so, the 

transmural pressure is maintained at 0 mmHg through all phases of the cardiac 

cycle and accurate measurements of the arterial pressure based on the cuff 

pressure are possible.80  Finger photoplethysmography has previously been 

validated to provide an accurate measure of blood pressure.81  

4.2.1.2 Modelflow™ Technique 

Modelflow™ is a mathematical algorithm that computes the aortic flow 

waveform from the arterial blood pressure waveform detected by the finger cuff.  

Past techniques that used dye dilution, thermodilution, and rebreathing of inert 

gases or carbon dioxide to determine cardiac output were only capable of 

producing values over several heart beats.80 Modelflow™, however, non-

invasively determines stroke volume and cardiac output values continuously. 

Modelflow™ determines stroke volume from aortic flow, which in turn is 

computed by simulating the response of a three-element model of arterial input 

impedance to arterial pressure. These three elements are: 1) the characteristic 

impedance of the proximal aorta; 2) the Windkessel model of compliance of the 

arterial system; and, 3) the total systemic peripheral resistance. Two of the 

elements, characteristic impedance and Windkessel compliance have been 

determined according to algorithms validated in previous studies.82 In these 
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studies, aortic characteristics were determined by studying post-mortem thoracic 

and abdominal aortic segments. Changes in cross-sectional area were measured 

against changes in pressure from which aortic characteristics such as 

compliance, characteristic impedance and propagation velocity were 

determined.83  The only remaining element, total systemic peripheral resistance, 

is a variable that has to be determined from the model. Resistance is determined 

by average pressure divided by average flow. By using an estimate of resistance 

for the first beat, the model can calculate computed flow and mean pressure to 

determine resistance more accurately. This resistance value is then used in the 

subsequent beat. The resistance element converges from the initial value to the 

correct value within a few heartbeats. With all elements in place stroke volume 

can be measured from integrating the Modelflow™ during systole and cardiac 

output can be determined by multiplying stroke volume by the instantaneous 

HR.82 

Modelflow™ estimates of cardiac output have been compared to other 

techniques such as intra-arterial flow profile measurements, and although it has 

been proven to be capable of accurately measuring changes in cardiac output, 

stroke volume and total peripheral resistance relative to baseline, significant 

differences have been noted for acute changes in aortic flow such as occurs 

during exercise.84 Studies have shown that percentage changes in derived 

Modelflow™ parameters do not significantly differ from those obtained by intra-

arterial cannulation or dye-densitometry during head-up tilt.84-87 Further, studies 

have shown the Modelflow™ technique to be a reliable non-invasive monitoring 
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system when compared to other techniques of measuring aortic flow such as 

thermodilution and Doppler ultrasound.86, 88, 89 In all, using Modelflow™ to 

determine changes in stroke volume, cardiac output and total peripheral 

resistance is a useful, non-invasive tool in clinical and scientific practise.  

4.2.1.3 Measurements of Arterial Gas Partial Pressures 

As PaCO2 and PaO2 are known to influence cerebral flow it is important to 

measure and control for these variables throughout our study. There are many 

different techniques available to measure oxygen and carbon dioxide levels in 

the body. One technique involves inserting an indwelling catheter into an artery 

from which PaCO2 and PaO2 can be determined. The obvious drawback to this 

technique is that it is invasive. Other techniques such as intermittent arterial 

puncture also allows for the accurate determination of arterial gas pressures but, 

again, this technique is highly invasive and as measurements are taken only 

intermittently it is difficult to assess rapid changes. Finally, three non-invasive 

measures include pulse oximetry, transcutaneous monitoring and end-tidal gas 

monitoring.  

Pulse oximetry utilizes the fact that oxygenated and deoxygenated 

haemoglobin have different absorption spectra. By comparing the intensity of 

absorption at the different wavelengths these devices are able to calculate the 

total oxygen saturation. Although pulse oximeters are important and popularly 

used in clinical practise for determining oxygen saturation, they are unable to 

measure oxygen and carbon dioxide partial pressures90, 91.  Transcutaneous 

monitoring of carbon dioxide and oxygen was initially thought to be effective only 
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in neonates and young children, although there is now evidence supporting its 

utility in adults.92 This technique determines carbon dioxide and oxygen levels by 

applying electrodes to the skin. These electrodes heat the underlying tissue 

causing an increase in local blood flow and gas partial pressures and making the 

skin more permeable to gas diffusion.92 The electrode can then detect the 

oxygen and carbon dioxide tensions. A problem with this technique, however, is 

that heating the subcutaneous tissue in itself affects gas partial pressures 

(especially the partial pressure of carbon dioxide) and, therefore, gas tensions of 

underlying tissues may not always be a reliable indicator of arterial gas 

pressures.92  Finally, end-tidal gas monitoring is a third non-invasive tool for 

indirect measurement of arterial gas concentrations. This technique monitors the 

partial pressures of exhaled gases producing a waveform of either expired 

oxygen or expired carbon dioxide. Studies have shown end-tidal measurements 

to be good predictors of arterial gas partial pressures as end-tidal measurements 

are usually equal to arterial gas partial pressures if the ventilatory and 

cardiovascular functions remain stable and if the subject’s temperature remains 

constant.93-95 Within end-tidal gas monitoring there are two common ways to 

calculate partial pressures: infrared spectrometry and mass spectrometry. In 

mass spectrometry, the gas sample enters a large vacuum chamber where it is 

ionized by an electronic beam.95 Once ionized, the gases proceed through a 

magnetic field that deflects the gas particles onto a detector. Lighter gas particles 

will tend to deflect more and reach the detector earlier, whereas the opposite is 

true of heavier gas particles.95 Once different paths have been established for 
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different gases the concentration can be calculated from the frequency with 

which the ions strike.  Unfortunately, although mass spectrometers are accurate 

they are generally more expensive and less portable than other devices.95  The 

technique we utilized relied on end-tidal gas monitoring via laser diode 

absorption technology (infrared spectrometry). This technique works by sampling 

end-tidal gases into a sample compartment where a laser diode produces light at 

wavelengths absorbed by both the oxygen and carbon dioxide.96 An infrared light 

detector in this compartment measures the amount of absorption that has taken 

place.96 The amount of absorption is equal to the gas concentration and is 

inversely proportional to the amount of light reaching the detector. This measured 

absorption is then compared to the initial laser intensity to allow for accurate 

measurements of oxygen and carbon dioxide concentration.96  Although end-tidal 

gas monitoring is the best non-invasive way to indirectly measure arterial gas 

pressures it does not amount to direct measures of arterial blood gases and it is 

important to note that it is affected by changes in physiological dead space as 

well as the presence of pulmonary disease.95 

4.2.2 Cerebrovascular Measurements 

4.2.2.1 Doppler Ultrasound 

The measurement of cerebral haemodynamics is a key component to this 

study. There are many different techniques available all of which have use that is 

more appropriate in certain situations. Many techniques, such as dynamic 

perfusion computed tomography, dynamic susceptibility contrast perfusion-

weighted magnetic resonance, positron emission tomography, single photo 
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emission computed tomography, xenon-enhanced computed tomography, and 

arterial spin-labelling magnetic resonance have the unified shortfall of being able 

to measure only static cerebral autoregulation. Only two other techniques, 

transcranial Doppler ultrasound (TCD) and near-infrared spectroscopy (NIRS), 

have the capability to measure both static and dynamic cerebral autoregulation; 

one of the aims of this study.42 NIRS is a non-invasive technique that measures 

blood flow via changes in concentrations of a tracer substance, often oxygenated 

haemoglobin (HbO2) or indocyanine green, in the tissue. The rate of 

accumulation of the tracer in a tissue is equal to the rate of inflow minus the rate 

of outflow. By rapidly introducing the tracer and recording over time, the blood 

flow can be calculated from the ratio of tracer accumulated to the quantity of 

tracer administered over that time.97 A significant drawback to this technique, 

however, is that it has only a limited penetrance98 and, if HbO2 is utilized as the 

tracer, the calculation of cerebral flow with NIRS assumes constant cerebral 

metabolic rate, blood flow and volume during the period of measurement.99 

Furthermore, NIRS is best used for determining blood flow in discrete regions 

such as limbs or muscle groups.  

TCD as a non-invasive clinical tool for the measurement of CBFV was 

introduced in the early 1980’s by Rune Aaslid et al.63 Since then it has become a 

popular, validated tool for the measurement of CBFV and of cerebral 

autoregulation.53 TCD uses the principles of Doppler ultrasound to measure 

blood flow velocity through the cerebral arteries. A piezoelectric crystal in the 

ultrasound probe is positioned over a thin bone or natural foramen and 
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stimulated to emit an ultrasound wave of 2 MHz frequency. The ultrasound beam 

penetrates the skull and reflects off the erythrocytes within the insonated artery. If 

erythrocytes were static then the reflected frequency would be identical to the 

emitted frequency, however, because the erythrocytes are moving there is a 

frequency shift in the reflected beam.42, 100 This frequency shift (or Doppler shift) 

is recorded and the velocity of moving blood can be calculated (Appendix D).  

It is important to note that TCD strictly measures the velocity of an object. 

However, we are interested in the cerebral flow. Flow is the product of velocity 

and vessel cross sectional area. We assume that the cross-sectional areas of 

large conduit vessels of the cerebral circulation remain unchanged during 

examination and, therefore, the velocity is equal to the flow. As such, Doppler 

estimates of cerebral flow are referred to as CBFV. As the MCA is one such large 

conduit vessel of the cerebral vasculature, its diameter is thought not to change. 

Previous studies have validated this.101-103 Instead, changes in cerebrovascular 

resistance are due to the vasoactivity of downstream resistance vessels such as 

the pial arteries.104  The MCA is the largest branch of the internal carotid 

artery.105 Further, as the MCA forms a part of the Circle of Willis, a vascular 

structure in the brain that connects different blood vessels to form an 

interconnected ring, changes in MCA flow are indicative of changes in flow within 

the Circle of Willis. The Circle of Willis is an important structure that provides 

blood to a large proportion of brain tissue. The trans-temporal windows on the 

lateral aspect of the skull provide a window for TCD insonation. Because larger 

blood vessels in the brain tend to be deeply embedded, and as the skull provides 



 

 44 

a barrier to ultrasound transmission, TCD analysis can only be performed 

through foramenae or thinner areas of the skull. The trans-temporal window is 

one such area. However, only the posterior cerebral artery (PCA), anterior 

cerebral artery (ACA) and MCA can accurately be measured through this 

window. The MCA is the largest of these three arteries. For these reasons the 

MCA was chosen as the most appropriate site for TCD analysis of CBFV in our 

study.  

4.2.3 Autonomic Completeness of Injury 

As completeness of injury as defined by the AIS score does not 

necessarily correspond to autonomic completeness of injury,66 and as we were 

testing cardiovascular responses which are influenced by severity of destruction 

to spinal autonomic pathways, we assessed autonomic completeness of injury 

via two alternate methods: 1) measurement of resting catecholamine levels; and, 

2) spectral analyses of cardiovascular variables. These two methods, and how 

they relate to autonomic completeness of injury, are discussed in sections 4.2.3.1 

and 4.2.3.2. Alternate techniques to determine autonomic completeness will be 

discussed next, and the rationale for using catecholamine analysis and spectral 

analysis in our study will be provided.  

Currently, a gold standard for the assessment of autonomic function does 

not exist. However, many techniques are available, each of which provides some 

information on autonomic function.106 Many techniques, such as HR and blood 

pressure responses to the Valsalva manoeuvre, HR responses to deep breathing 

or cardiovascular responses to a sustained handgrip are unsuitable for 
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individuals with SCI, as they require a degree of physical exertion that not all 

individuals in this population will be able to perform. The cold pressor test is 

another technique to determine autonomic function. This test requires volunteers 

to place their hand or arm into ice cold (0-4°C) water for 40-180 seconds as HR 

and blood pressure responses are measured.106 An obvious problem for the use 

of this test in individuals with SCI is that those individuals with spinal cord lesions 

above C6, the point from which spinal nerves that innervate the arm and hand 

exit, will illicit no controlled sympathetic response. This is because damaged 

afferent pathways will be unable to conduct sensory impulses to supraspinal 

centres in the brainstem. Instead, the cold pressor stimulus could provoke an 

episode of AD in these individuals. Those individuals that have intact arm and 

hand sensory function may find the cold water stimulus unpleasant.106  

Three other common techniques to determine autonomic function are 

tests of baroreflex sensitivity, muscle sympathetic nerve activity (MSNA) and 

sympathetic skin responses (SSR). Measuring baroreflex sensitivity via 

manipulating the pressure on the carotid artery with the use of neck collar 

devices allows for a non-invasive determination of baroreflex responses to 

changes in carotid artery pressure. Other non-invasive measures of baroreflex 

function, such as cross spectral analysis between fluctuations in blood pressure 

and HR, as well as baroreflex sequences measurements, also exist.107 However, 

one common issue with these measures of baroreflex sensitivity, or indeed many 

other tests of autonomic function, is that the primary outcome measures is HR. 

Sympathetic nerves controlling HR exit the spinal cord from thoracic levels T1-
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T5. Cardiac baroreflex responses are primarily due to increased or decreased 

vagal activity on the heart. As the vagus nerve remains intact after SCI, all 

individuals, even those with autonomically complete SCI, will elicit some HR 

response and, therefore, differentiating severity of autonomic injury based on 

these responses is not possible This renders baroreflex sensitivity testing a less 

desirable test of autonomic function in individuals with SCI.  

MSNA for the determination of autonomic function is the only direct test of 

sympathetic nerve activity of the entire battery of commonly used autonomic 

function measures. In this procedure an electrode is inserted into a 

postganglionic sympathetic nerve fibre (commonly the peroneal nerve) to record 

bursts of activity.106 Reduced firing in this nerve is assumed to be representative 

of decreased global sympathetic activity.106 Although MSNA provides a direct 

evaluation of sympathetic activity it can be time-consuming to perform and as a 

single nerve fibre is being examined abnormal findings with MSNA do not 

necessarily allow extrapolation to suggest generalized autonomic dysfunction.106  

SSR are another useful test to determine peripheral sympathetic activity; 

specifically, sympathetic activity of thermoregulatory structures. This test consists 

of placing electrodes on the hands and feet (dorsal and palmar/plantar aspects) 

and measuring changes in skin conductance after activation of the sweat glands 

in areas under the neural control of sympathetic cholinergic fibres.108 However, 

the results of this test must be analyzed with caution as the central pathways 

mediating the arousal response are not completely known although evidence 

suggests descending control from supraspinal centres is involved.106, 108 



 

 47 

Furthermore, there may be a disconnect between SSR activity and completeness 

of destruction to autonomic tracts in the case of individuals with diseases such as 

peripheral neuropathy.  

Due to the difficulties in assessing autonomic function with the techniques 

described above, we have opted to examine autonomic completeness of injury 

invasively by determining the concentrations of supine and seated 

catecholamines, and non-invasively by frequency analyses of cardiovascular 

parameters.  

4.2.3.1 Frequency Analyses of Cardiovascular Parameters 

Spectral analyses or frequency domain analyses were performed on the 

R-to-R interval (RRI), blood pressure, CMAP and the mean CBFV (CBFVM) data. 

Spectral analyses of cardiovascular variables provides insight into both the 

autonomic completeness of injury as well as the subject’s cardiovascular 

control.109 This non-invasive technique subdivides the variability of blood 

pressure and HR into different frequency components and quantifies the variance 

or power at each of these frequencies.109 It is thought that the frequency peaks of 

HR and blood pressure variability are indicative of autonomic regulation. For 

example, for both HR and blood pressure variability the spectrum has been found 

to be distinctly divided into three separate peaks: the high frequency peak (HF: 

~0.25 Hz), the low frequency peak (LF: ~0.1 Hz) and the very low frequency 

peak (VLF: ~<0.03 Hz).109, 110  For HR variability, the HF peak is thought to 

represent cardiac vagal control whereas the LF peak is more controversial but 

thought to be due to oscillations in vagal outflow due to baroreflex-mediated 
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oscillations caused by LF blood pressure variability.110 For blood pressure 

variability, the HF peak is thought to be due to changes in intrathroracic pressure 

associated with respiration,111 whereas the LF peak is thought to be due to 

oscillations in sympathetic drive to the arterial resistance vessels.110 Therefore, if 

an individual with SCI has an autonomically complete lesion it is expected that 

the variability of the LF peaks for both HR and blood pressure as well as total 

blood pressure and HR variability will be significantly reduced.110 The VLF peak 

for HR variability is thought to represent numerous influences on the heart 

including thermoregulation, the renin-angiotensin system and endothelial factors. 

For blood pressure variability the VLF peak is thought represent myogenic 

responses to spontaneous blood pressure fluctuations mediated by L-type 

calcium channel-dependent mechanisms.109 Previous studies have shown supine 

frequency indexes to correlate well with other measures of autonomic function 

such as SSR and plasma catecholamine levels.110  

The two methods most commonly used in spectral analysis are based on 

either fast Fourier transforms (FFT) or autoregressive (AR) modelling. The 

primary purpose for both of these algorithms is to divide the original raw data 

(time-domain data) into its frequency components. After transforming the data set 

into the frequency domain, these algorithms compute the power, or total 

variance, at different frequencies. There are, however, differences between how 

FFT and AR models compute the final frequency spectrum. The FFT algorithm 

includes all variance from the spectrum that may include variance from noise in 

the signal. Therefore, the need for improved resolution became necessary which 
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led to the development of the AR technique. In AR, a best-fitting model is applied 

to the data and subsequent measures of the power spectrum are determined 

from the parameters of this model.112  

For these reasons, we opted to use AR frequency domain analyses as a 

secondary non-invasive measure of autonomic completeness of SCI. 

4.2.3.2 Catecholamine Analysis 

Basal levels of plasma catecholamines are low in people with SCI due to 

diminished peripheral sympathetic activity caused by the absence of supraspinal 

tonic control.17 If catecholamine levels are low (NA levels ≈ 0.2 nmol/L) in 

subjects while supine it would indicate that sympathetic tracts are disrupted and 

that the subject has an autonomically complete injury. Claydon et al. (2006) have 

also shown that in people with SCI, NA levels do not increase as they do in 

control subjects during orthostatic stress.18 

During the OH protocol venous blood samples were taken in the supine 

and seated positions. These samples were centrifuged for 10 minutes at -3°C 

and 3000 rpm (~1,400 x g) after which the plasma portion was stored in a -80°C 

freezer for later analyses. Analyses were performed at the Vancouver General 

Hospital, Department of Pathology and Laboratory medicine.  

As the levels of catecholamines in the plasma are in the order of nmol/L, it 

is necessary to use a highly sensitive technique for separation and detection.113 

One such technique is high-performance liquid chromatography (HPLC). HPLC 

works in a similar fashion to column chromatography but at much higher 

pressures. The high pressures allow for faster analyses and greater resolution of 
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results in comparison to regular liquid chromatography.113  Once separated by 

HPLC, electrochemical detectors can accurately measure the amounts of 

catecholamines present in the sample. The combination of these two techniques 

has become the dominant analytical procedure for plasma catecholamine 

analysis due to its cost-effectiveness and versatility in comparison to other 

procedures for catecholamine separation and detection.113 

For catecholamine analysis, the sample site has also been shown to 

influence the results.113, 114 For example, arterial blood contains slightly lower NA 

and higher adrenaline than venous blood. Also, catecholamine levels can vary 

depending on where in the body the samples were taken.114 Plasma 

catecholamines measured in an antecubital vein has become the standard 

protocol as this area represents the composition of catecholamines in mixed 

venous blood.113  In addition, as the insertion of the venous catheter could itself 

increase sympathetic activity and plasma catecholamine levels, standard 

procedure is to insert the catheter and wait 15-30 minutes before collecting the 

sample. This allows sufficient time for catecholamine concentrations to return to 

normal basal levels.113  

Analysis of catecholamine levels is an accurate and reproducible method to 

determine autonomic completeness of injury to the spinal cord.113 We therefore 

opted to use this method in our study. 
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4.3 Validation Studies 

4.3.1 The Use of Abbreviated Fatigue Severity Scores 

Fatigue is a debilitating issue in the SCI population with some studies 

suggesting the prevalence of fatigue severe enough to interfere with function 

may be as high as 57%.115 In our, study subjects were asked to complete a 

visual analogue version of the fatigue severity scale. This form, available in 

Appendix E, quantifies the subject’s average level of fatigue by measuring the 

distance from the marked point to the anchor. This version of the FSS correlates 

well with the original fatigue severity scale (FSS)116 which has been used 

previously for spinal cord injured populations.115-117 

As the standardized and validated116, 117 fatigue severity scale is time-

consuming to finish it may be difficult for some individuals with SCI to complete, 

particularly if they have limited hand and forearm function. Therefore, we 

undertook a study to validate whether there were any differences between the 

results of the 18-question form (Appendix E) to a shortened 3-question form 

(Appendix F).  

Scores were measured and recorded for each question and all individuals. 

Averages for combinations of these questions were compared using one-way 

ANOVA to determine differences between question groups. 

From the results of 45 individuals, we compared the mean response from 

18 questions to the 3 questions used in the shortened SCI version. We found 

there was no significant difference between responses to the two questionnaires 

(full form mean: 27.95 ± 15.82; shortened form mean: 30.18 ± 19.62; Figure 5). 
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Interestingly, there were no significant differences between the full questionnaire 

and when only one question asking users to rate their level of fatigue directly was 

asked (full form mean: 27.95 ± 15.82; single question mean: 28.62 ± 21.58; 

Figure 5). This validation study provided the evidence for to use an abbreviated 

form for the study.  
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Figure 5 Comparison of averaged results from fatigue severity score validation 
study 

The Fatigue Severity Score is a composite value of the means of all questions shown on the x-

axis. Column 1-18 refers to the full Fatigue Severity questionnaire. Without 6-10 (w/o 6-10) refers 

to all of the questions minus questions 6-10 (inclusive) in which the order of the most energetic 

response was reversed. Column 1,4,12 refers to the questions that comprise the abbreviated 

fatigue severity form. The column “fatigued” refers to the scores from the single question on the 

form that directly asks users to rate their level of fatigue. Note there are no significant differences 

between any of the columns suggesting that the use of any of the above parameters to measure 

fatigue are acceptable and not significantly different from the original scale. 
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4.3.2 Analysing Static Cerebral Autoregulation: All Data versus Averaged 
Data 

An important component of this study was to determine cerebral flow 

changes in response to changes in CMAP in controls and in individuals with SCI. 

When CMAP is plotted against cerebral flow, an increased gradient indicates that 

flow changes more drastically with changes in CMAP and an increased 

correlation indicates a stronger relationship between CMAP and flow; both of 

which would indicate decreased cerebral autoregulatory control.  

Although normally derived from analysis of all the data points, these 

analyses of cerebral autoregulation may also be determined from averaged data.  

We sought to determine whether plots made from averaged or complete data 

would yield different results, and which would be most acceptable for the study of 

SCI patients. Correlations and gradients were determined for the averaged data 

and complete data for each individual. These measures were subsequently 

averaged across both groups (controls and SCI) and paired t-tests were 

performed to determine differences between averaged and complete values for 

correlations and gradients. 

We randomly selected 8 control subjects and 4 SCI subjects from our 

study cohort. For the control subjects we took the averaged CMAP and CBFVM 

values from the “sit up test” as well as the same variables from the raw data file 

of the “sit up test” for each individual. For both data sets the gradient and 

correlation of CMAP versus CBFV were calculated for both the supine and 

upright phases of the test. In controls, we found no significant differences in 

correlations and gradients between the averaged and complete data in both the 
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supine phase and the upright phase (Figure 6). This is illustrated in a comparison 

of the cerebral autoregulatory plots (Figure 7).  

  



 

 56 

 

 

Figure 6 Comparison of correlations and gradients between averaged and 
complete data in control subjects 

Correlations and gradients of averaged and complete data for control subjects in the cerebral 

autoregulation validation study. This study aimed to determine whether differences in correlations 

and gradients between CMAP and CBFV existed between cerebral autoregulatory plots compiled 

from the complete data set or averaged data. There were no significant differences in correlations 

(A) and gradients (B) between the averaged data and the complete data during the supine phase 

and the upright phase in controls.  
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Figure 7 Example traces of cerebral autoregulatory plots using averaged and 
complete data  

Example tracing of complete data (A) and averaged data (B) cerebral autoregulatory plots for a 

control subject in the cerebral autoregulatory validation study. Note that the overall spread, 

correlation and gradient of the distributions are similar in both groups. There were no significant 

differences in gradients and correlations between the averaged and complete datasets in the 

autoregulatory plot validation study. 
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The SCI individuals were examined in a similar manner. However, this 

group also included averaged and complete data obtained from the AD protocol. 

Therefore, gradients and correlations for both averaged and complete data were 

calculated for the supine phase and the upright phase of the sit-up test as well as 

the baseline phase, urodynamics phase and recovery phase of the AD test. 

When the 4 SCI subjects were pooled we found, once again, no significant 

difference in both correlations and gradients between the averaged and complete 

data sets (Figure 8).  
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Figure 8 Comparison of correlations and gradients between averaged and 
complete data in individuals with spinal cord injury 

Correlations and gradients of averaged and complete data for SCI subjects in the cerebral 

autoregulation validation study. This study aimed to determine whether differences in correlations 

and gradients between CMAP and CBFV existed between cerebral autoregulatory plots compiled 

from the complete data set or averaged data. There were no significant differences in correlations 

(A) and gradients (B) between the averaged data and the complete data during the supine and 

upright phases of the sit-up test and the baseline phase, urodynamics phase and recovery phase 

of the urodynamics test in the SCI group.  
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The data from this validation study suggest that using averaged data to 

calculate correlations and gradients between CMAP and CBFV is acceptable and 

not significantly different than calculating the same variables from the complete 

data set.  

4.3.3 Observer Bias in Spectral Analyses 

If frequency analyses methods are to become a clinical tool for the 

determination of autonomic completeness of injury after SCI it is paramount that 

differences in selected model orders, frequencies and powers do not exist 

between operators. The parameters of the spectral distribution are contingent on 

the model order selected and model order selection may vary from individual to 

individual. Therefore, we undertook a validation study to determine whether there 

were any differences between two operators of the selected model order, VLF 

power, LF frequency and power as well as HF frequency and power for four 

control subjects and four individuals with SCI between two operators. Both 

operators were blinded to each other’s’ results and the eight individuals to be 

analysed were chosen randomly.  

Paired Student’s t-tests were performed to determine differences in 

variables between the two operators. There were no significant differences in 

selected model order, VLF, LF and HF power as well as selected LF and HF 

frequencies between the two operators for any of the cardiovascular parameters.  

This validation study provided useful information for the clinical application 

of frequency analyses techniques where multiple operators are involved in the 

analysis. The clinical applicability of this technique is therefore conditional on 
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there being minimal differences in frequency parameters values between 

operators. 
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5: CEREBROVASCULAR RESPONSES TO 
ORTHOSTATIC STRESS FOLLOWING SPINAL CORD 
INJURY 

5.1 Introduction 

After SCI, the absence of coordinated sympathetic control of the heart and 

peripheral vasculature results in low resting blood pressures (hypotension) and 

the inability to vasoconstrict the peripheral vasculature and maintain blood 

pressure during orthostasis, which can lead to profound OH.18  

The precise mechanism underlying OH after SCI is likely multifactorial18 

although loss of sympathetic control of the splanchnic vascular bed, as described 

previously, is a key factor.18 However, many of the consequences of OH, such as 

fatigue, dizziness, light-headedness and syncope are thought ultimately, to be 

mediated by cerebral hypoperfusion occurring secondary to the orthostatic 

decline in blood pressure.18, 118 These symptoms can severely impact quality of 

life for individuals with SCI.23 For example, individuals who are chronically 

fatigued are less likely to engage in rehabilitation, work, exercise and other 

activities of daily living.23 Although the incidence of OH after SCI varies 

significantly, rates of up to 74% have been reported in individuals with high, 

autonomically complete SCI undergoing rehabilitation.23, 24 

Ordinarily, changes in cerebral flow are buffered over a wide range of 

pressures (60-150 mmHg; the autoregulatory range).42-44 However, if the 
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pressure falls below the lower limit, or if autoregulation is compromised, cerebral 

flow can decline, ultimately leading to symptoms of hypoperfusion and/or 

syncope.18, 118 Indeed, it has been suggested that the severity of symptoms of 

OH in individuals with SCI are related to the magnitude of the fall in cerebral flow 

when upright, rather than blood pressure per se.61, 65 However, previous studies 

examining the efficacy of cerebral autoregulation have yielded conflicting 

results,55-62, 64, 65 and this may be due in part to their differentiating SCI volunteers 

based on level and severity of injury to motor and sensory pathways, rather than 

spinal autonomic pathways. Furthermore, many of these studies failed to account 

for any influence of changes in end tidal carbon dioxide levels, even though it is 

known to decrease during orthostatic stress and to subsequently cause cerebral 

vasoconstriction.42, 119  

Therefore, the need for a study examining beat-to-beat cerebrovascular 

autoregulation after SCI that accounts for carbon dioxide partial pressures, 

symptoms during OH and level and severity of autonomic completeness of injury 

is paramount. The results of such a study could provide a more comprehensive 

picture of the dynamics of cerebrovascular autoregulation post-SCI. Thus, we 

aimed to determine cerebrovascular autoregulation during OH in individuals with 

SCI and correlate, for the first time, changes in cerebrovascular control with level 

and severity of injury to spinal cardiovascular autonomic pathways, as well as to 

severity of symptoms during episodes of OH. 
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5.2 Methodology 

Ethical approval for this study was granted from the Simon Fraser 

University Department of Research Ethics and the Vancouver Coastal Health 

Authority Research Institute. The study conformed to the principles outlined in 

the Declaration of Helsinki.  

5.2.1 Subject Characteristics 

All subjects gave written informed consent and provided a brief medical 

history. We studied 16 healthy, able-bodied controls and 26 individuals with 

chronic (>1 year) traumatic SCI. The SCI group was subdivided into those 

individuals with injuries at or above T5 (high-level SCI) and those with injuries 

below T5 (low-level SCI). Further subanalyses were conducted with the SCI 

group subdivided into those with autonomically complete lesions at or above T5 

(autonomically complete) and those with autonomically incomplete lesions at or 

above T5 as well as those with injuries below T5 (autonomically incomplete). A 

third subdivision based on the ASIA Impairment Score (AIS),11 a score that 

assesses severity of motor and sensory impairment, was also determined with 

AIS A (motor and sensory complete) and AIS B, C or D (motor and/or sensory 

incomplete) subgroups. Finally, a fourth subgroup divided individuals with SCI 

into those with injuries in the cervical spinal cord (cervical SCI) and those with 

injuries in the thoracic cord (thoracic SCI).  
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5.2.2 Orthostatic Stress Testing 

Responses to an orthostatic challenge were assessed in the mornings in a 

temperature-controlled laboratory during a “sit-up test”.66 This test has been used 

extensively in the past to measure orthostatic intolerance in individuals with 

SCI.23, 24, 66 In this test individuals lay supine for 15 minutes before being 

passively moved into an upright 90° seated position for a further 15 minutes 

(Figure 9). Subjects were instructed to abstain from physical activity and fast, 

with the exception of water, for at least 12 hours prior to testing.  

Continuous beat-to-beat blood pressure (systolic [SAP], diastolic [DAP] 

arterial pressures, MAP and CMAP) were determined throughout testing (FMS 

Finometer® Pro, Amsterdam, The Netherlands). We also continuously recorded 

the HR and rhythm from a lead II ECG (FMS Finometer® Pro, Amsterdam, The 

Netherlands). Stroke volume (SV), cardiac output (CO), and total peripheral 

resistance (TPR) were determined on a beat-to-beat basis using the Modelflow™ 

Technique.80 Partial pressure of end-tidal carbon dioxide (PETCO2) and oxygen 

(PETO2) were determined on a breath-by-breath basis to determine PaCO2 and 

PaO2. (Oxigraf O2Cap, Mountain View, California, United States). CBFVM, 

systolic (CBFVS) and diastolic (CBFVD) middle cerebral artery (MCA) blood flow 

velocities were recorded throughout the protocol via TCD (Compumedics® DWL 

Doppler-Box, Germany) using the Doppler shift technique.71 We bilaterally 

positioned 2MHz ultrasound probes to insonate both left and right MCA vessels 

through the trans-temporal windows on the lateral aspects of the skull. A custom-

made headband was constructed to hold the probes in a fixed position and 
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maintain a constant angle of insonation. With a constant angle, changes in 

Doppler shift are proportional to changes in velocity.71 Additionally, as previous 

studies have demonstrated that the diameter of the MCA does not change in 

response to orthostatic stress or hypocapnia, we assume that changes in velocity 

reflect changes in flow.101-103 Therefore, TCD is an accurate and validated 

technique to measure CBFV.53, 71 

OH was defined according to the standard American Autonomic Society 

and the American Academy of Neurology as a decrease in SAP by at least 20 

mmHg and/or a decrease in DAP by at least 10 mmHg upon assumption of an 

upright position from supine.22   
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Figure 9 Sit-up test 

Prior to testing all volunteers were instructed to provide informed consent, provide their medical history as well as a fatigue severity scale 

questionnaire. Additionally, volunteers were instructed to complete a questionnaire to quantify their severity of symptoms during OH. Volunteers 

who had previously completed these forms for the urodynamics test were exempt. An intravenous (IV) catheter was inserted into an antecubital 

vein prior to testing and blood samples were subsequently taken 15 minutes and 20 minutes into the test. Data were collected during 15 minutes 

of supine rest followed by 15 minutes of passive orthostatic stress in a 90° seated position. After 30 minutes of testing the IV catheter and 

equipment were removed and the subject resumed the supine position for a period of recovery. 
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5.2.3 Severity of Injury to Autonomic Pathways 

Severity of injury to cardiovascular autonomic pathways, or the autonomic 

completeness of injury, was assessed in two ways: via the determination of 

resting and upright plasma catecholamine concentrations, and via frequency 

analyses of blood pressure variability. 

5.2.3.1 Plasma catecholamines 

An intravenous catheter was inserted into an antecubital vein prior to 

testing. Thereafter, 10mL venous blood samples were taken at the end of the 

supine phase and 5 minutes into the upright phase of the orthostatic stress test. 

These samples were centrifuged for 10 minutes at -3°C and 3,000 RPM, after 

which the plasma fraction was stored in a -80° freezer for later analyses. 

Analyses were performed at the Vancouver General Hospital, Department of 

Pathology and Laboratory Medicine. For technical reasons, NA samples were not 

obtained in all subjects. Supine and upright NA were obtained in 14 and 12 

controls, and 19 and 14 SCI volunteers respectively. 

5.2.3.2 Blood pressure variability 

Cardiovascular signals continuously oscillate. These oscillations represent 

spontaneous variability in cardiovascular autonomic control, and have been well 

characterised.109 Of particular note for the present study, the oscillations in SAP 

that occur between 0.05-0.15 Hz (LF SAP) have been shown previously to 

represent sympathetic control of the vasculature110 and provide a robust measure 

of autonomic completeness of injury to spinal cardiovascular pathways in 
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humans26, 110 and animals with SCI.120 This measure has been shown to 

correlate well with other measures of autonomic dysfunction after SCI, such as 

SSR and plasma catecholamine concentrations,110 and is a commonly used tool 

in the non-invasive assessment of autonomic function.109, 110, 112, 121  

We quantified SAP variability using a monovariate autoregressive model 

fitted to the time series of the beat-to-beat SAP. Any significant trends were 

removed by the subtraction of the best polynomial function fitted to the data using 

a low-pass filter, and occasional ectopic beats were removed by linear 

interpolation of adjacent beats. The power and central frequency at each peak 

were calculated. Absolute LF SAP power (LF SAP, mmHg2), relative LF SAP 

power (LF SAP %), and LF SAP normalized by dividing the power by total 

variance minus the very low frequency power and multiplied by 100 (LF SAP nu) 

were calculated. In addition, total SAP variability was calculated from the time 

series data and expressed as mmHg2. Our group has published with this 

technique previously.110 

5.2.4 Subjective Measures of Fatigue and Symptoms of Orthostatic 

Hypotension 

Severity of fatigue and symptoms during OH during activities of daily living 

were determined via a two-part questionnaire. The first part asked volunteers to 

rate their frequency of symptoms related to OH, such as dizziness and light-

headedness, as well as to identify common triggers and consequences of OH in 
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their life. An average score was determined and used to quantify severity of 

symptoms.  

The second part required volunteers to complete a fatigue assessment 

using an established fatigue severity scale (FSS).115, 116, 122 This consisted of a 

visual analogue scale upon which subjects were instructed to rate their levels of 

fatigue at the time of testing.  

5.2.5 Static and Dynamic Cerebral Autoregulation 

Static and dynamic autoregulation were determined as outlined previously 

in section 4.1.3. Correlations and gradients between CMAP and CBFVM were 

used in the assessment of sCA. The gain, phase and coherence describing the 

relationship between CMAP and CBFVM were used in the assessment of dCA. 

5.2.6 Data Analyses 

Cardiovascular and cerebrovascular data were averaged over 30 second 

intervals in both the supine and upright phases. We chose this interval to 

minimize the effects of within-breath variations in our cardiovascular 

measurements. Beat-to-beat data were utilized in the determination of sCA, dCA 

and blood pressure variability. There were no differences in the averaged 

responses between the left and right MCA, therefore, data are presented as the 

combined average of the two vessels.  

5.2.7 Statistical Analyses 

All analyses were performed offline. All figures and results in the text are 

presented as mean +/- SEM. Significant differences were assumed at p<0.05.  
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One-way ANOVA or ANOVA on Ranks were used to analyze parametric 

and non-parametric group comparisons respectively. Within group differences 

between supine and upright phases were assessed via paired Student’s T-tests. 

Analyses of the interrelationship between variables was assessed via Pearson 

Product Moment correlations for parametric data and Spearman Rank Order 

correlations for non-parametric data.  

All statistical analyses were performed using SigmaPlot 11.0 (Systat 

Software, Inc.) and GraphPad InStat 3.10 (GraphPad Software, Inc.).  

5.3 Results 

5.3.1 Subject Characteristics 

There were no significant differences in age, gender, height or weight 

between controls and SCI individuals. This was the case whether comparisons 

were made with the SCI group as a whole, or subdivided according to lesion 

level, autonomic completeness of injury or AIS (Table 1).
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 Controls SCI 
High-level 

SCI 
Low-level 

SCI 
Autonomically 
Complete SCI 

Autonomically 
Incomplete SCI 

AIS A AIS B,C,D 

N 

 
16 26 19 7 12 14 17 9 

Age (y) 31.8±13.4 39.9±10.5 39.6±10.5 41.0±10.1 39.1±10.4 40.7±10.5 40.5±9.0 39.2±12.2 

Gender 
(M) 

12 17 14 3 10 7 10 7 

Height 
(cm) 

177.4±6.7 173.3±10.0 175.0±9.7 168.3±8.9 174.6±11.1 172.3±8.8 172.5±9.8 174.5±10.1 

Weight 
(kg) 

75.9±15.7 68.6±10.5 69.1±8.4 66.9±15.0 67.8±7.4 69.2±12.5 67.1±11.1 70.6±9.2 

Table 1 Sit-up test: subject characteristics 

No differences in age, gender, height or weight were observed between controls and SCI groups. This was true regardless of the manner in which 

SCI groups were divided. 
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5.3.2 Incidence of Orthostatic Hypotension 

There was a significantly greater incidence of OH in individuals with high-

level SCI (9/19, 47.4%; p<0.05) compared to controls (2/16, 12.5%) and those 

with low-level SCI (0/7, 0%). This was also observed when comparing individuals 

with autonomically complete SCI (6/12, 50%; p<0.05) with controls and those 

with autonomically incomplete SCI (3/14, 21.4%). This difference was lost when 

groups were divided by AIS score (AIS A: 7/17, 41.2%; AIS B,C,D: 4/9, 44.4%). 

The magnitude of the fall in SAP during the upright phase relative to 

supine (severity of OH), significantly correlated with the LF SAP (R=0.321, 

p<0.05) such that individuals with autonomically complete injuries had more 

severe OH during the test. 

5.3.3 Autonomic Completeness of Injury 

5.3.3.1 Catecholamine Analysis 

As the adrenaline concentrations were below the detection threshold for 

many individuals with SCI, accurate comparisons of between group differences 

were not possible.  

Supine and upright NA concentrations were similar between controls and 

the SCI group. However, NA concentrations were significantly lower in the high-

level SCI group compared to controls and the low-level SCI group. By definition, 

supine and upright NA concentrations were significantly lower in the 

autonomically complete SCI group relative to controls (p<0.01) and autonomically 
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incomplete groups (p<0.001). When the SCI group was divided by AIS score 

these differences disappeared (Table 2). 

In controls, NA increased in the upright position relative to supine 

(p<0.001). This was not observed in the SCI group or any subdivisions within the 

SCI group (Table 2). 

5.3.3.2 Frequency Analyses 

LF SAP power, expressed in absolute units and as a percentage of total 

power, were similar between the control and SCI group. When the SCI group 

was divided between high- and low-level SCI and between autonomically 

complete and incomplete SCI, differences once again emerged. Individuals with 

high-level SCI had significantly lower LF SAP powers than controls and 

individuals with low-level SCI (p<0.05 and p<0.001, respectively). Those in the 

autonomically complete SCI group, by definition, had markedly reduced LF SAP 

power, percentage power and normalized power compared to controls and the 

autonomically incomplete group. High-level and autonomically complete SCI 

groups also had lower SAP total variance values relative to controls. Many of the 

differences in LF SAP parameters were lost when groups were divided by AIS 

scores (Table 2). 
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 Controls SCI 
High-level 

SCI 
Low-level 

SCI 
Autonomically 
complete SCI 

Autonomically 
Incomplete SCI 

AIS A AIS B,C,D 

 
Supine NA 
(nmol/L) 

 

1.41±0.11 1.77±0.52 1.23±0.54 3.82±0.88
b,c

 0.38±0.08
d
 3.32±0.83

e,f
 1.67±0.60 1.91±0.96 

Upright NA 
(nmol/L) 

 
1.99±0.15* 2.32±0.67 1.62±0.79 4.62±0.94

b,c
 0.27±0.03

d
 3.46±0.83

e,f
 2.28±0.79 2.38±1.25 

 
LF SAP 
Power 

(mmHg
2
) 

 

3.19±0.65 2.39±0.58† 0.98±0.18
a
 6.04±1.51

b
 0.79±0.19

d
 3.68±0.99

e
 2.81±0.89 1.45±1.16 

LF SAP 
Power (%) 

 
17.12±3.12 15.59±2.67 10.76±2.36

a
 27.94±6.10

b
 7.23±1.81

d
 22.38±4.10

e
 15.71±3.55 14.78±13.95 

LF SAP 
Power (nu) 

 
64.08±4.28 46.86±4.29† 40.10±4.40

a
 63.24±8.93

b
 33.20±3.67

d
 57.58±6.23

e
 49.55±5.77 40.25±19.81

g
 

SAP Total 
Variance 
(mmHg

2
) 

22.72±3.21 14.58±1.96† 11.58±1.81
a
 22.38±4.79

b
 12.46±2.57

d
 16.22±3.08 16.01±2.98 11.61±4.34 

Table 2 Comparison of measures of autonomic completeness 

Supine and upright NA concentrations varied extensively across groups. An increase in NA concentration in the upright position relative to resting 

supine was observed only in the control group. By definition, SCI subjects in the autonomically complete group had, in general, significantly lower 

supine and upright NA concentrations in comparison to controls and the incomplete group. No differences in supine or upright NA concentrations 

were observed between controls and either of the AIS groups. The absolute differences in NA concentrations and LF SAP powers were greatest 
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between autonomically complete/incomplete subdivisions and smallest between AIS complete/incomplete subdivisions.. Symbols denote 

significant differences (p<0.05) between controls and SCI (†), controls and high-level SCI (a), controls and low-level SCI (b), high- and low-level 

SCI (c), controls and autonomically complete SCI (d), controls and autonomically incomplete SCI (e), autonomically complete and incomplete SCI 

(f), controls and AIS B,C,D (g), supine and upright NA (*). 
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5.3.4 Cardiovascular Responses to Orthostatic Stress 

5.3.4.1 Impact of Level of Injury on Cardiovascular Responses to 
Orthostatic Stress 

Individuals with high-level SCI had lower SAP than controls when supine 

(p<0.05). Additionally, the minimum SAP attained in the upright phase was 

significantly lower in the high-level SCI group when compared to controls and 

individuals with low-level SCI (p<0.001). The relative fall in SAP was also largest 

in the high-level SCI group (p<0.01) (Figure 10A). SAP decreased during the 

upright phase in controls and the high-level SCI group (p<0.0001) but not in the 

low-level group. Similar responses were observed for DAP and MAP (data not 

shown). Resting HR was higher in the low-level SCI group compared to the high-

level SCI group and controls (p<0.01) although the maximum HR attained during 

orthostatic stress was not different between the three groups. HR increased in all 

groups (p<0.05) when upright (Figure 10B). Resting SV was significantly higher 

in the control group relative to both SCI groups (p<0.05) and the minimum SV in 

the upright phase was significantly higher in controls than both SCI groups 

(p<0.001). SV decreased in all groups (p<0.05) when upright (Figure 10C). 

Similarly, resting CO (p<0.05) and the minimum CO when upright (p<0.001) were 

significantly higher in controls relative to the high-level SCI group. CO decreased 

in controls (p<0.05) and individuals with high-level SCI (p<0.0001) but not in 

individuals with low-level SCI (Figure 10D). Supine and upright TPR did not 

significantly differ between the three groups although, interestingly, TPR 

significantly increased when upright for individuals with high-level SCI (p<0.05). 
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This was not observed in the other groups (Figure 10E).The supine PETO2 and 

PETCO2 were similar in all three groups. When upright, the PETCO2 decreased 

and PETO2 increased in all groups (p<0.01). The magnitude of the fall in PETCO2 

was greater in those with high-level SCI compared to controls (p<0.001). The 

magnitude of the rise in PETO2 was greater in those with high-level SCI compared 

to both other groups (p<0.05). CBFVM did not significantly differ between the 

three groups in either position. CBFVM decreased in the upright phase for all 

groups (p<0.01) (Figure 10F).  
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Figure 10 Cardiovascular responses to orthostatic stress by level of injury 

Supine data are presented as averages. Upright data are presented as the minimal (SAP, SV, 

CO, CBFVM) or maximal (HR, TPR) response during the orthostatic stress. Symbols denote 

significant differences between controls and high-level SCI (*), between controls and low-level 

SCI (†) and between high- and low-level SCI (‡). Within group differences between controls (a), 

high-level SCI (b) and low-level SCI (c) also shown. 
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5.3.5 Influence of Autonomic Completeness upon Cardiovascular 

Responses to Orthostatic Stress 

When the SCI group was subdivided according to autonomic 

completeness, we also saw significantly lower supine and upright SAP (Figure 

11A) in the autonomically complete SCI group. SAP decreased in all groups 

when upright (p<0.05). Resting HR was significantly (p<0.05) higher in the 

incomplete than in the complete SCI group although HR increased in all groups 

when upright (p<0.001) (Figure 11B). Resting SV was significantly higher in 

controls compared to autonomically complete SCI (p<0.05), and almost reached 

significance compared to the autonomically incomplete SCI group (p=0.055). The 

upright SV (p<0.01) and minimum upright SV (p<0.001) were significantly higher 

in controls relative to both SCI groups. Consequently the relative change in SV 

from supine to upright was significantly greater in both SCI groups relative to 

controls (p<0.001). SV decreased in all groups during the upright phase 

(p<0.0001) (Figure 11C). Interestingly, only those with autonomically complete 

SCI had reduced resting CO (p<0.05). The upright CO was significantly higher in 

controls relative to the autonomically complete SCI group (p<0.05) whereas the 

minimum upright CO was significantly greater in controls relative to both SCI 

groups (p<0.001). CO, like SV, decreased in all groups when upright (p<0.05) 

(Figure 11D). No differences in TPR responses to orthostasis were observed 

between groups although, as reported for subdivisions by injury level alone, TPR 
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increased significantly (p<0.05) for individuals with autonomically complete SCI 

and not with controls or autonomically incomplete individuals (Figure 11E). When 

SCI groups were divided by autonomic completeness, upright CBFVM was 

significantly higher in the autonomically incomplete group compared to the 

autonomically complete group (p<0.05). Decreased upright CBFVM in the 

autonomically complete group relative to controls almost reached statistical 

significance (p=0.066). CBFVM decreased in the upright phase relative to resting 

supine level in all groups (p<0.0001) (Figure 11F).When subjects were divided by 

cervical or thoracic injury no differences were observed in the relative change in 

SAP, HR, TPR, CBFVM or CBFVD during the situp test. The same was true of 

division by AIS.  
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Figure 11 Cardiovascular responses to orthostatic stress by level and severity of 
injury 

Supine data are presented as averages. Upright data are presented as the minimal (SAP, SV, 

CO, CBFVM) or maximal (HR, TPR) response during the orthostatic stress. Symbols denote 

significant differences between controls and autonomically complete SCI (*), between controls 

and autonomically incomplete SCI (†) and between autonomically complete and incomplete SCI 
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(‡).Within group differences between controls (a), autonomically complete SCI (b) and 

autonomically incomplete SCI (c) also shown. 

 

PETCO2 and PETO2 responses were similar to those exhibited when SCI 

groups were divided by high and low lesions. The relative fall in PETCO2 

significantly correlated with both the supine NA (R=0.385, p<0.05) and LF SAP 

(R=0.448, p<0.01) such that individuals with autonomic dysfunction had larger 

decreases in PETCO2 upon the assumption of an upright position.  

5.3.6 Influence of Autonomic Completeness of Injury Upon 

Cerebrovascular Control 

When evaluating the possible role of absolute reductions in CBFV, we 

focused on CBFVD, because this has been shown to be a better predictor of 

symptoms of hypoperfusion during orthostatic stress.123 Only when completeness 

of autonomic injury was factored for in the group divisions, did differences in 

CBFV emerge. The supine CBFVD was not different between controls, 

autonomically complete SCI and autonomically incomplete SCI. However, the 

upright CBFVD was significantly lower in the autonomically complete group 

(Figure 12A) compared to those with autonomically incomplete SCI and controls. 

This relationship was not observed when comparing SCI groups based on level 

of injury only (Figure 12B, C) or AIS scores (Figure 12D). This highlights the 

importance of incorporating severity of autonomic injury when comparing SCI 

groups.   
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Figure 12 Importance of division by autonomic completeness of injury in 
assessing cerebral blood flow velocity 

Differences in upright CBFVD were only observed when the SCI group were divided by autonomic 

completeness of injury (A). They were not observed when SCI groups were divided by level of 

injury alone (high/low (B) and cervical/thoracic SCI (C)) or by AIS (D). Symbols denote significant 

differences between controls and autonomically complete SCI (*) and between autonomically 

complete and incomplete SCI (‡). 
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The minimum CBFVM when upright was significantly correlated with the LF 

SAP (R=0.336, p<0.05) and SAP Total Variance (R=0.338, p<0.05). The 

percentage reduction in CBFVM when upright was also correlated with the LF 

SAP (R=0.320, p<0.05).  

The percentage reduction in CBFVD when upright was positively 

correlated with both resting NA (R=0.385, p<0.05) and upright NA (R=0.400, 

p<0.05), such that individuals with greater NA (intact autonomic function) had 

smaller falls in CBFVD. LF SAP was also correlated with the percentage 

reduction in CBFVD (R=0.355, p<0.05). Similarly, SAP Total Variance was 

correlated with both the average upright CBFVD (R=0.392, p<0.05) (Figure 13A) 

and the minimum upright CBFVD (R=0.375, p<0.05) (Figure 13B).  
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Figure 13 Correlation between diastolic cerebral blood flow velocity and 
autonomic completeness of injury 

Both the average upright CBFVD (A) and the minimum upright CBFVD (B) were positively 

correlated (p<0.05) with the total variance in SAP such that individuals with autonomically 

complete injuries, or low SAP Total Variance, attained lower absolute CBFVD levels during 

orthostasis.  
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A significant positive correlation existed between the magnitude of the 

decrease in PETCO2 and magnitude of the decrease in CBFVM (R=0.371, p<0.05) 

such that individuals with large decreases in PETCO2 exhibited large decreases in 

CBFVM when upright. 

5.3.7 Static and Dynamic Cerebral Autoregulatory Control 

Static cerebral autoregulation (sCA) 

There were no differences in the correlations and gradients of sCA 

between controls, the high-level SCI group and the low-level SCI group. An 

increase in the sCA autoregulatory index in high-level SCI relative to controls 

almost achieved statistical significance (p=0.081). 

There was a significant correlation between sCA and resting NA (R=-

0.414, p<0.05) such that individuals with decreased resting NA levels 

(autonomically complete lesion) had diminished cerebrovascular autoregulatory 

control.  

There was no relationship between sCA and the magnitude of the fall in 

PETCO2 when upright. 

Dynamic cerebral autoregulation (dCA) 

Measures of dCA could only be completed in those individuals in whom 

the coherence function describing the relationship between CMAP and CBFV 

was >0.5. As such, the sample sizes were reduced for these analyses: supine 
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(controls, n=6; high-level SCI, n=2), upright (controls, n=9, high-level SCI, n=5, 

low-level SCI, n=3). 

Control subjects had significantly lower supine LF gains (p<0.05) than 

individuals with high-level SCI (Figure 14A). Moreover, the upright LF phase was 

significantly (p<0.05) lower in the high-level SCI group relative to controls (Figure 

14B).  
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Figure 14 Comparison of dynamic cerebral autoregulatory parameters across 
groups 

(A) The LF supine TFG was significantly (p<0.05) lower in controls relative to the high-level SCI 

group. Comparisons with individuals with low-level SCI were not possible given the low n of LF 

supine dCA values in this group. (B) Upright LF phase was significantly (p<0.05) higher in 

controls relative to the high-level SCI group but was not different than the low-level SCI group. 

These results are indicative of diminished autoregulatory function in the high-level SCI group.  
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Additionally, various markers of dCA correlated with autonomic 

completeness of injury. The relationship between LF SAP (nu) and supine LF 

gain did not quite achieve statistical significance (R=-0.614, p=0.05) (Figure 

15A). However, there was a significant negative correlation between the LF SAP 

(%) and the supine LF gain (R=-0.663, p<0.05) (Figure 15B). LF SAP (nu) was 

significantly correlated with the upright LF gain (R=-0.572, p<0.01) (Figure 15C). 

Furthermore, the upright LF phase was significantly correlated with the LF SAP 

(nu) such that individuals with autonomically complete injuries had reduced 

phase delays (R=0.729, p<0.001) (Figure 15D). 
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Figure 15 Correlations between dynamic cerebral autoregulatory parameters and 
autonomic completeness of injury 

The relationship between supine LF TFG and LF SAP Power (nu) almost achieved statistical 

significance (p=0.05) (A) although a significant relationship (p<0.05) was observed between the 

LF supine TFG and another marker of autonomic completeness of injury (B). There was a strong 

negative correlation (p<0.01) between LF upright TFG and LF SAP Power (nu) during orthostatic 

stress (C). In all comparisons with TFG, individuals with autonomically complete injuries (low LF 

SAP Power values) tended to have higher gains. Conversely, a strong positive relationship 

(p<0.001) between LF upright phase and LF SAP Power (nu) was observed, such that individuals 

with autonomically complete injuries tended to have lower phase (D). These results are 

compatible with the hypothesis that individuals with autonomically complete SCI have diminished 

cerebral autoregulatory control.   
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There was no relationship between dCA and the magnitude of the fall in 

PETCO2 when upright. 

5.3.8 Symptoms of Cardiovascular Dysfunction  

There were no differences in the OH symptoms score between controls, 

individuals with high-level SCI and individuals with low-level SCI. However, the 

symptoms score was significantly greater in the subgroup of SCI individuals with 

autonomically complete SCI compared to controls (Figure 16A, B). The OH 

symptoms score negatively correlated with resting SAP (R=-0.388, p<0.05) and 

the upright minimal SAP (R=-0.368, p<0.05). When we evaluated the relationship 

between the symptoms score and indices of cerebrovascular autoregulation, the 

severity of symptoms was significantly correlated with the supine LF gain 

(R=0.786, p<0.05) (Figure 16C).  
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Figure 16 Relationship between symptoms during orthostatic hypotension and 
cerebrovascular autoregulatory function 

(A) When individuals were divided by level of injury alone no significant differences in averaged 

symptoms scores were observed. (B) However, differences emerged when SCI groups were 

divided by level and severity of injury to autonomic pathways, such that autonomically complete 

SCI individuals reported more frequent and severe symptoms during OH. (C) To test whether 

severity of symptoms during OH are related to cerebral autoregulatory function we performed a 

linear regression analysis between symptoms scores and dCA parameters. We observed a 

significant correlation between this score and the LF supine TFG (p<0.05). 
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5.3.9 Relationship between Cardiovascular Dysfunction and Fatigue 

No difference in the FSS was observed between the control, high-level SCI 

and low-level SCI groups. Similar results were obtained in a comparison of 

control, autonomically complete SCI and autonomically incomplete SCI groups. 

However, there was a significant positive correlation between the upright HR and 

the FSS (R=0.378, p<0.05). This was also true of the relationship between FSS 

and maximal upright HR (R=0.474, p<0.01).  

5.4 Discussion 

We have shown, for the first time, that cerebrovascular control is indeed 

diminished during orthostatic stress after SCI and that this decrement is related 

to autonomic completeness of injury.  

5.4.1 Incidence of Orthostatic Hypotension 

The incidence of OH in our study was significantly greater in individuals with 

high-level SCI relative to controls and those with low-level SCI. Furthermore, 

individuals with autonomically complete SCI had a greater incidence of OH than 

controls and individuals with autonomically incomplete injuries. Approximately 

47% of individuals with high-level SCI and 50% of individuals with autonomically 

complete SCI experienced OH during the situp protocol. These rates are similar 

to those observed in previous research in individuals with cervical66 or high-

thoracic SCI.108  The significantly higher frequency of OH in individuals with high-

level lesions can be explained by the presence of OH after SCI being 

determined, to a large extent, by the ability to control the resistance vessels of 
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the splanchnic vascular bed. Individuals with autonomically complete lesions 

above T6 will have limited to no control of the splanchnic vasculature and, 

consequently, of peripheral resistance and blood pressure.  

The division of individuals with SCI into AIS A and AIS B,C,D groups 

yielded no differences in incidence of OH. The AIS score assesses motor and 

sensory function after SCI, and does not include a quantitative measure of 

autonomic function. The manifestation of OH after SCI is due primarily to level 

and autonomic completeness of injury. As AIS scores alone assess neither of 

these, this could explain the absence of differences observed. 

Although measures were taken to recruit suitable control subjects for our 

study, some of our control subjects exhibited OH during the situp test. Previous 

literature has shown the situp test to be a considerable orthostatic challenge for 

people with SCI, However, it would not be expected to pose a particularly severe 

challenge to able-bodied controls. Of the two control subjects who exhibited OH, 

both were amongst the oldest of our control subject cohort. It is possible that their 

increased age along with the venepuncture performed prior to the test resulted in 

the observed OH.   

5.4.2 Indices of Autonomic Function 

The heterogeneity in autonomic completeness of SCI in the group as a 

whole was illustrated by the lack of differences in NA observed in supine and 

upright positions compared to controls. Similar results were obtained when the 

SCI group was subdivided by AIS score, suggesting that although the score 

provides a useful clinical measure for motor and sensory function post-SCI, it 
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provides a less useful measure for differentiating autonomic function post-SCI. 

Issues related to the use of AIS scores in determining completeness of SCI are 

addressed in more detail later. Subdividing SCI groups based on level and 

severity of autonomic injury yielded the most marked difference in NA between 

groups, which is unsurprising as NA concentrations were used as part of the 

criteria in determining the participant’s group allocation. However, the division of 

groups by level of injury alone (above or below T5) also yielded larger differences 

in NA concentrations (and hence, autonomic function) between groups than 

division of groups by AIS scores.  

Individuals with autonomically complete injuries had lower supine and 

upright NA concentrations than controls and individuals with autonomically 

incomplete SCI. In addition, controls were the only individuals in whom a rise in 

NA was observed when upright. This is compatible with previous research.110 We 

expected to observe this rise in NA upon orthostasis in autonomically incomplete 

SCI participants although this was not the case. However, as the resting NA 

concentrations were high in this group the absence of any further increases 

during the upright phase could be due to a ceiling effect.  

By definition, differences in SAP variability between groups were greatest 

when comparing controls, autonomically complete and autonomically incomplete 

groups; similar to the relationship observed in NA concentrations. Most SAP 

variability parameters were not different between controls, AIS A or AIS B,C,D 

groups. LF SAP power, believed to reflect sympathetic drive to resistance 

vessels, was significantly lower in the autonomically complete group relative to 
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controls and the autonomically incomplete group. The same was true of the high 

level SCI group.  

Supine NA concentrations, a standard method for assessing autonomic 

function, were significantly correlated with LF SAP power (R=0.475, p<0.01), LF 

SAP % (R=0.372, p<0.05) and LF SAP nu (R=0.488, p<0.01). Similar 

relationships were observed for upright NA. The close relationship between LF 

SAP and NA concentration has been observed previously.110 

Of particular importance to clinicians is the possible use of total SAP 

variance in the assessment of autonomic function. In our study, total SAP 

variance across groups closely mirrored differences in NA concentration and LF 

SAP power. Indeed, LF SAP power significantly correlated with the total SAP 

variance (R=0.475, p=0.001). The total SAP variance is calculated by 

determining the standard deviation of the time series SAP data. As this method 

does not require specialized software capable of dividing datasets into their 

frequency components, the use of total SAP variance in assessing autonomic 

function in a clinical setting could offer a more convenient and accessible 

alternative. 

Frequency analysis of SAP offers a non-invasive, quantitative, inexpensive 

and easy to perform option to assess autonomic function. Our data have shown it 

to be a reliable predictor of autonomic function that correlates well with plasma 

NA concentrations.  
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5.4.3 Cardiovascular Responses to Orthostasis 

Individuals with high-level and autonomically complete SCI exhibited 

supine hypotension and OH, likely due to the loss of sympathetic control of the 

splanchnic vascular bed.18 HR responses were similar during orthostasis across 

all groups, including those with high-level autonomically complete injury, 

suggesting that the rise in HR is mediated by vagal withdrawal rather than 

sympathetic activation. Indeed, previous research has shown that a 20 

beats.min-1 increase, the amount observed in the high-level SCI group, could be 

mediated by parasympathetic withdrawal.124  

There was a greater fall in SV in autonomically complete and incomplete 

SCI groups relative to controls. There are several possible explanations for this. 

First, those with SCI could have reduced cardiac contractility, particularly those 

with autonomically complete lesions above the level of the cardiac sympathetic 

outflow (T1-T5),20 or they could have smaller chamber size.125 There is some 

evidence of altered cardiac calcium handling after SCI that might be expected to 

decrease contractility.126 Second, the large decreases in SV in the SCI 

volunteers could be due to impaired venous return secondary to inadequate 

splanchnic vasoconstriction following injury to spinal autonomic pathways.18 

However, as SV responses were similar in both autonomically complete and 

incomplete SCI groups, this seems unlikely. Finally, it could reflect greater 

decreases in venous return in those with loss of skeletal muscle pumping activity 

in the paralysed dependent limbs when upright.18 The relative contribution of this 
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response during a passive orthostatic stress, and any potential contribution of 

muscle spasticity in the lower limbs remains to be elucidated. 

Given that the fall in SV was larger in the SCI groups, but the HR 

responses were similar in all groups, CO decreased more in those with SCI than 

in controls. 

Of interest is the finding that absolute upright TPR and the relative change 

in TPR from supine to upright did not differ between groups. The upright TPR 

was greater in controls and individuals with autonomically incomplete SCI 

although this did not achieve statistical significance. However, statistical 

verification of this response could be masked, at least in part, to the large 

variability in maximal upright TPR responses observed in all groups; especially in 

controls and autonomically incomplete SCI in whom the variability was the 

greatest. Large variability in TPR in these groups is likely due to variability in 

orthostatic tolerance within groups, which would alter the degree to which 

peripheral resistance vessels, and subsequently TPR, were influenced. Another 

source of variability could be gender differences. In those with intact autonomic 

control responses would be expected to be larger in males than females, 

producing within group variability. This would be lost in those with autonomically 

complete lesions in whom vascular resistance responses are absent. 

In general, the CV responses we observed are consistent with previous 

research.66   
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5.4.4 Importance of Consideration of Autonomic Function 

Division by cervical or thoracic injury or by AIS score are common ways to 

subdivide SCI groups when examining reflex responses, or the impact of 

interventions. We have shown that many differences between groups are lost 

when SCI groups are divided in this manner. In the absence of autonomic 

function assessments, division at T5 seems to be a reasonable alternative to 

assess cardiovascular responses after SCI, as it differentiates between those 

with intact sympathetic control of the splanchnic vascular bed and those without. 

However, given that not all individuals with SCI have autonomically complete 

lesions, additional information can be gained when autonomic function is 

considered.  

Measurements of plasma NA provided a measure of severity of injury to 

cardiovascular autonomic pathways after SCI.17, 18 Although this technique has 

been used and validated extensively in the past,113 the invasive nature of the 

venous sampling required for the plasma NA analysis can be problematic, 

especially for individuals with high level SCI in whom the venipuncture could elicit 

AD, or when examining responses to orthostatic stress, which are reported to be 

affected by venipuncture.127 Therefore, we also assessed autonomic function 

using non-invasive measures derived from the LF oscillations in beat-to-beat 

SAP. This technique has previously been validated as a reliable indicator of 

autonomic function.110 Indeed, in this study we found plasma NA and LF SAP to 

be significantly correlated (R=0.475, p<0.01). The results of our plasma NA and 

frequency analyses were compatible with previous studies66, 110 and suggest that 
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frequency analyses can be used as a surrogate for plasma NA measures when 

examining completeness of injury to cardiovascular autonomic pathways after 

SCI.  

Severity of cardiovascular dysfunction after SCI, which is related to the 

autonomic completeness of injury,16 cannot be predicted from the present AIS 

examination of motor and sensory pathways.11 Indeed, we found that 

completeness of injury via AIS corresponded to autonomic completeness of 

injury via NA and SAP variability in only 33% of individuals with SCI. These 

results are compatible with previous studies.66 This highlights the need for a 

quick, reliable and inexpensive quantitative tool for assessing autonomic function 

post-injury. This has been recognised, with a new impetus to incorporate clinical 

cardiovascular autonomic assessments within the AIS, including an addition to 

the AIS examination11 with definitions and diagnostic criteria for cardiovascular 

deficits after SCI. While this represents a considerable step in the care and 

management of cardiovascular complications of SCI, it does not include a 

comprehensive quantitative measure of severity of injury to cardiovascular 

autonomic pathways. Frequency analyses of SAP variability might provide such a 

tool. Furthermore, although we utilized measures of the LF SAP, because it is 

known to be directly related to sympathetic influences on the vasculature, our 

analyses were similar when the total SAP variability was used, and total SAP 

variability was significantly correlated with LF SAP (R=0.474, p<0.01). This 

suggests that total variability of SAP might provide a similarly robust indicator of 

autonomic function, and this would mitigate the need for custom frequency 
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analyses software to identify the LF component, thereby increasing its clinical 

practicality. 

5.4.5 Impact of Spinal Cord Injury on Cerebrovascular Autoregulation 

There is controversy in the literature with regard to the role of impairments 

in cerebral autoregulation during OH after SCI, with some studies suggesting that 

cerebrovascular autoregulation is impaired during OH after SCI55-57 and others 

suggesting that it remains intact.58-62 However, many of these studies were 

limited by a failure to control for autonomic completeness of injury,55-61 arterial 

carbon dioxide and oxygen levels,57, 59-61 integrity of control of the splanchnic 

vascular bed,55, 57, 58, 60-62 or severity of symptoms of OH.55-60, 62  

Additionally, the role of the sympathetic nervous system in 

cerebrovascular autoregulation, the neurogenic hypothesis, is also debated.45 

This hypothesis states that cerebral resistance vessels are under direct 

sympathetic and, to a lesser extent, parasympathetic control, and that modulation 

of these nervous outputs causes vasoconstriction and vasodilation during large 

changes in blood pressure.42 Although many cerebral vessels, including the 

MCA, are thought to be richly innervated by autonomic nerves, the influence of 

the autonomic nervous system on cerebrovascular control is contentious, and the 

relative importance of neurogenic control on cerebral autoregulation in humans 

remains unclear.42 Some evidence in animals suggests that these nervous 

outputs are not the main regulators of cerebral flow, as autoregulation persisted 

in animals that underwent superior cervical ganglionectomy.51 However, others 

have proposed the sympathetic nervous system, via stimulation of the highly 
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innervated and norepinephrine-sensitive pial arteries, shifts the set-point for 

autoregulation to higher blood pressures to allow for increased vasoactive 

capacity, suggesting there is an important role for autonomic regulation of 

cerebrovascular tone during extremes of hypo- or hyper-tension45. Of course, it is 

possible that changes in myogenic and metabolic responses to blood pressure 

are responsible for at least some of the changes in cerebrovascular 

haemodynamics observed and this is currently under investigation. However, 

given the direction connection between SCI and the neurogenic hypothesis; 

sympathetic nerves exit the thoracic spinal cord to innervate the cerebral 

vasculature via the superior cervical ganglion,51 the neurogenic hypothesis of 

autoregulation has important implications for people with high-level, 

autonomically complete SCI in whom descending sympathetic control of the 

cerebral vasculature will be absent.  

Indeed, in our study, CBFVD was lower in individuals with autonomically 

complete SCI during orthostasis. This effect was not observed when SCI groups 

were divided by injury level alone or by AIS score. To highlight the importance of 

assessing autonomic function when differentiating between cerebrovascular 

responses after SCI we correlated the cerebrovascular autoregulatory measures 

against indicators of autonomic function. We found that individuals with 

autonomically complete injuries had lower CBFVM and CBFVD when upright than 

individuals with intact autonomic function. We postulate that the combination of 

both supine hypotension and further reductions in blood pressure when upright 

due to OH leads to upright CMAP that are below the lower limit of autoregulation 
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in these individuals. This might be expected to be compounded by the lack of 

descending control of sympathetic outflow to the cerebral vessels and 

subsequent impairment of autoregulatory control. Indeed, in our analysis of dCA, 

the TFG was greater and the phase was lower in individuals with high-level SCI 

relative to controls. These results are indicative of diminished cerebrovascular 

autoregulation.71 Furthermore, when the TFG and phase were correlated with LF 

SAP a strong relationship existed such that individuals with diminished 

autonomic function had lower phase and higher TFG. Similar results were 

obtained when comparing sCA measures with LF SAP. These results, in 

conjunction with those described above, highlight the impact high level, 

autonomically complete injury can have on cerebrovascular autoregulatory 

control and provides some mechanistic insight into the importance of the 

sympathetic nervous system in regulating CBFV after SCI.  

It is possible that the length of time since injury could influence 

haemodynamics after SCI. It was for this reason we opted to study individuals 

who sustained their injuries over 1 year ago. However, to determine the effects of 

time since the initial injury on cerebrovascular autoregulation we also performed 

several correlations between time since injury and all of our markers of cerebral 

flow of which no significant relationships were observed.  

CBFVD was selected as a principle outcome measure for CBFV because 

previous studies have shown it to be a better predictor of syncope during 

orthostatic stress than CBFVS and CBFVM.123, 128, 129 Furthermore, CBFVD was 

more strongly correlated with changes in arterial oxygen content than CBFVS or 
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the area under the curve of the CBFV waveform.130 Interestingly, symptoms 

during OH are reported to be associated with significant decreases in CBFVD, but 

not with CBFVS.123
 As the association between cerebrovascular autoregulation 

and symptoms of OH constitutes an important part of this study, the use of 

CBFVD as an appropriate outcome measure for CBFV is warranted. 

The magnitude of the fall in PETCO2 was greatest in individuals with high-

level SCI compared to controls. When SCI groups were subdivided by autonomic 

completeness of injury, both SCI groups had significantly greater falls in PETCO2 

than controls. This could reflect a direct relationship between impaired autonomic 

function and respiratory abnormalities16 or an indirect relationship whereby the 

greater OH in those with autonomically complete lesions drives the “respiratory 

pump” to promote venous return at the expense of reducing PETCO2.
131 This fall 

was significantly correlated to both supine NA and LF SAP such that individuals 

with more severe autonomic dysfunction exhibited greater falls in PETCO2 when 

upright; an indication that individuals with autonomic dysfunction tended to 

hyperventilate to a greater extent under orthostatic stress. As arterial CO2 is 

known to influence endothelial function of the cerebral vessels, and thereby 

affect cerebral flow,40, 45 we expected PETCO2 to correlate with indicators of 

cerebrovascular function. Interestingly, however, the magnitude of the fall in 

PETCO2 only correlated with the CBFVM and not with parameters of sCA or dCA. 

While we acknowledge that some of the impairment in cerebral autoregulation 

seen in the individuals with autonomically complete SCI may be due to 

hypocapnia, the lack of correlation between the indices of autoregulation and 
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PETCO2 is consistent with a role for impaired control of sympathetic outflow to the 

cerebral vasculature in the autoregulatory dysfunction observed.  

A multiple regression analysis was performed to assess the contribution of 

autonomic completeness of injury, level of injury, relative change in PETCO2 

during orthostasis and minimum upright SAP on the relative change in CBFVD 

during orthostasis. We found that, of the four variables, only PETCO2 (p=0.621) 

did not significantly contribute to the total variability observed (R=0.539). 

5.4.6 Subjective Measures of Symptoms and Fatigue 

Individuals with high-level, autonomically complete SCI reported 

significantly more symptoms of OH during activities of daily living compared to 

controls. We also observed a significant correlation between the symptom score 

and measures of dCA, indicating that those individuals who reported higher 

frequency and severity of symptoms associated with OH had greater 

autoregulatory dysfunction. This confirms the preliminary findings of previous 

research65 that suggested increased severity of symptoms in individuals with SCI 

is associated with impaired cerebrovascular control. Symptoms associated with 

OH are thought to be the outward manifestation of cerebral hypoperfusion118 and 

our study provides evidence in support of this. 

The relationship between symptoms and autoregulatory dysfunction was 

clearly observed in two subjects. One individual (Figure 17A) was symptomatic 

during the sit-up procedure. Although the procedure elicited only a small 

decrease in his SAP, the decrease in both CBFVM and CBFVD were marked, at 
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approximately -30cm/s and -25cm/s (a decrease of ~33% and ~40%), 

respectively. In comparison, another individual (Figure 17B) was asymptomatic 

during the procedure. His systolic blood pressure dropped to a nadir of 

~70mmHg (a 40mmHg decrease from baseline) although his CBFVM and CBFVD 

exhibited no change during that time.  
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Figure 17 Sit-up test example tracing 

 (A) This individual was symptomatic during the sit-up test. Note that although his SAP decreased 

only slightly during the upright condition his CBFVM and CBFVD decreased substantially. This 

highlights the relationship between symptomatic OH and cerebral perfusion. (B) This example 

trace shows the CBFV and SAP responses to orthostatic challenge in an asymptomatic individual 

during the sit-up test. Note that although there is a large decrease in SAP during the upright 

phase the CBFVM and CBFVD do not change. This is supportive of the idea that symptoms during 

OH are ultimately mediated by cerebral perfusion, not blood pressure per se.  
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Interestingly, the upright HR correlated with subjects’ self-reported severity 

of fatigue. This is consistent with other studies that report elevated upright HR in 

those with other syndromes associated with fatigue, such as chronic fatigue 

syndrome132 and postural orthostatic tachycardia syndrome.133 The mechanistic 

link between upright HR responses and fatigue is unclear although it is likely 

mediated via cerebral oxygenation.134 An increase in upright HR could indicate 

that the cardiovascular system is under significant orthostatic stress and unable 

to maintain adequate cerebral oxygenation, which manifests itself as fatigue.  

Our results indicate that cerebrovascular responses to orthostatic stress 

are affected after SCI. Individuals with autonomically complete SCI exhibit 

greater cerebral hypoperfusion during orthostasis than controls and individuals 

with autonomically incomplete SCI. The severity of cerebral autoregulatory 

dysfunction correlates with the severity of destruction to autonomic pathways and 

symptoms of OH.  
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6: CEREBROVASCULAR RESPONSES TO AUTONOMIC 
DYSREFLEXIA  

6.1 Introduction 

AD is a potentially fatal condition that is common in individuals with high-

level, autonomically complete SCI in whom rates of up to 70% have been 

reported.34 It is characterized by marked elevations in blood pressure, sometimes 

in excess of 300 mmHg systolic,16 due to the presence of a sensory stimulus 

below the level of the spinal cord lesion. The rising blood pressures associated 

with AD typically cause severe headaches, blurred vision, facial flushing and 

general discomfort. In more serious cases, AD can lead to stroke or cerebral 

haemorrhage, which, although rare, can be fatal.16 These latter conditions, as 

well as the symptoms perceived during AD, are thought to be related to 

increases in cerebral perfusion secondary to diminished cerebral autoregulation.  

Although cerebral autoregulation is believed to be implicated in the 

manifestation of cerebrovascular accidents following AD, research examining 

autoregulation following SCI is limited. Much of what exists on the topic focuses 

on cerebral haemodynamics during orthostatic challenge55-62, 64, 65 and, to our 

knowledge, no studies have examined cerebrovascular responses to autonomic 

dysreflexia directly. Many previous studies assessing cerebrovascular responses 

to increases in blood pressure57, 58, 60 do not account for the three key factors 

regulating cerebral blood flow: blood pressure, arterial oxygen concentrations 
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and arterial carbon dioxide concentrations. Furthermore, many of these studies 

did not determine the severity of autonomic completeness of the SCI, the 

relationship between cerebrovascular haemodynamics and symptoms, beat-to-

beat measurements of cardiovascular parameters or differences in responses 

between those with and without sympathetic control of the splanchnic vascular 

bed.  

6.2 Methodology 

Ethical approval for this study was granted from the Simon Fraser 

University Department of Research Ethics and the Vancouver Coastal Health 

Authority Research Institute. The study conformed to the principles outlined in 

the Declaration of Helsinki.  

6.2.1 Subject characteristics 

All subjects gave written informed consent and provided a brief medical 

history. We studied 26 individuals with chronic (>1 year) traumatic SCI. The SCI 

group was subdivided into those individuals with injuries at or above T5 (high-

level SCI) and those with injuries below T5 (low-level SCI). Further subanalyses 

were conducted with the SCI group subdivided into those with autonomically 

complete lesions at or above T5 (autonomically complete) and those with 

autonomically incomplete lesions at or above T5 as well as those with injuries 

below T5 (autonomically incomplete). Other divisions were excluded as results 

from the OH study suggest that division by level and autonomic completeness of 

injury provides the best measure of cerebrovascular function after SCI.   
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6.2.2 Urodynamics Protocol 

We assessed cardiovascular and cerebrovascular responses to AD via a 

standard clinical urodynamics test. Throughout the protocol subjects were 

continuously monitored and the AD stimulus (infusion, catheter insertion, etc.) 

removed immediately if the patient requested and/or the researchers deemed it 

necessary. Removal of the precipitating stimulus terminates the episode of AD39. 

AD was defined as a rise in SAP by at least 20 mmHg.36, 135  The cardiovascular 

and respiratory monitoring was identical to that of the sit-up test (section 5.2.2)).  

We collected baseline data for 10 minutes, after which the subject was 

catheterized and the bladder emptied. After emptying the bladder, we infused 

250 mL of sterile water at a rate of 25 mL/min for 10 minutes. If this stimulus was 

sufficient to trigger AD we stopped at this phase and moved onto the recovery 

phase; however, if it was not, we performed bladder percussions for 3 minutes. 

Following this, the bladder was voided, the catheter removed and a 10 minute 

recovery phase followed. After the 10 minute recovery phase the monitoring 

equipment was removed (Figure 18). 
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Figure 18 Urodynamics protocol 

Prior to testing all volunteers were instructed to provide informed consent, as well as a brief medical history and to complete a fatigue severity 

scale questionnaire and a questionnaire to quantify their severity of symptoms during autonomic dysreflexia (AD). Volunteers who had previously 

completed these forms for the sit-up test were exempt. Volunteers remained supine throughout the urodynamics protocol. After instrumentation, 

10 minutes of baseline data were recorded followed by catheterization and subsequent emptying of the bladder. Volunteers were tested for the 

presence of UTI which would result in termination of the test for further rescheduling. After setting up the urodynamics equipment 250mL of sterile 

water was infused at a rate of 25mL/min. If this did not invoke AD bladder percussions at the suprapubic area would be performed for 3 minutes. 

Finally data collection was continued for a further 10 minutes of recovery, after which the equipment was removed, indicating the end of the test. 
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6.2.3 Severity of Injury to Autonomic Pathways 

The severity of autonomic completeness of SCI was assessed via plasma 

NA concentrations and resting SAP variability. The measurement of these 

variables is outlined in section 5.2.3.  

6.2.4 Assessing Fatigue and Symptoms during Autonomic Dysreflexia 

Severity of fatigue and symptoms during AD during activities of daily living 

were determined via a two-part questionnaire. The first part asked volunteers to 

rate their frequency of symptoms related to AD, such as headaches, as well as to 

identify common triggers and consequences of AD in their life. An average score 

was determined and used to quantify severity of symptoms.  

The second part required volunteers to complete a fatigue assessment 

using an established fatigue severity scale (FSS).115, 116, 122 This consisted of a 

visual analogue scale upon which subjects were instructed to rate their levels of 

fatigue at the time of testing.  

6.2.5 Static and Dynamic Cerebral Autoregulation 

Static (sCA) and dynamic (dCA) cerebral autoregulation were determined 

as outlined previously in section 4.1.3. 

6.2.6 Data Analyses 

For the urodynamics study, values during baseline and recovery phases 

were averaged over 60 second intervals. During the urodynamics phase 

(including the insertion of equipment, infusion and removal of equipment 
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phases), data were averaged over 10 beat intervals in order to capture short 

bouts of AD. Subsequently, data during the urodynamics phase was organized 

by incremental blood pressure changes and infusion volumes. Responses during 

the maximal AD response (the responses at the absolute maximum SAP attained 

during the phase) and the maximal infusion volume were also quantified. The 

determination of sCA, dCA and blood pressure variability were assessed as 

described above for the situp study. 

6.2.7 Statistical Analyses 

All analyses were performed offline. All figures and results in the text are 

presented as mean +/- SEM. Significant differences were assumed at p<0.05.  

Two-way repeated measures ANOVA were used to assess within and 

between group differences in cardiovascular and cerebrovascular variables 

during the test. Analysis of the interrelationship between variables was assessed 

via Pearson Product Moment correlations for parametric data and Spearman 

Rank Order correlations for non-parametric data.  

All statistical analyses were performed using SigmaPlot 11.0 (Systat 

Software, Inc.) and GraphPad InStat 3.10 (GraphPad Software, Inc.).  

6.3 Results 

6.3.1 Subject Characteristics  

We studied 18 individuals with chronic (>1 year), traumatic SCI. There 

were no significant differences in age, gender or weight between individuals with 

SCI. This was the case whether comparisons were made with the SCI group as a 
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whole, or subdivided according to lesion level, autonomic completeness of injury 

or AIS. A significant difference existed in height (p<0.05) between individuals with 

high-level SCI versus those with low-level SCI (Table 3). 
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 SCI 
High-level 

SCI 
Low-level SCI 

Autonomically 
Complete SCI 

Autonomically 
Incomplete SCI 

 

N 

 

18 13 5 7 11 

Age (y) 41.22±2.75 40.77±3.33 42.40±5.32 41.43±4.72 41.09±3.53 

Gender (M) 11 10 1 6 5 

Height (cm) 174.26±2.49 177.46±2.67 165.92±3.87* 177.44±4.63 172.23±2.83 

Weight (kg) 67.30±2.51 69.28±2.64 62.14±5.73 67.80±3.15 66.98±3.70 

Table 3 Urodynamics test: subject characteristics 

No differences in age, gender or weight were observed between controls and SCI groups. This was true regardless of the manner in which SCI 

groups were divided. There was a difference in heights between individuals with high-level SCI versus those with low-level SCI (*, p<0.05). 
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6.3.2 Incidence of Autonomic Dysreflexia 

AD was defined as an increase in SAP of at least 20 mmHg. By this 

definition, there was no difference in the incidence of AD between autonomically 

complete and incomplete groups (autonomically complete group: 7/7; 100%, 

autonomically incomplete: 9/11; 81.8%).  

6.3.3 Autonomic Completeness of Injury 

By definition, individuals with autonomically complete SCI had lower 

plasma NA concentrations and LF SAP values (Table 4). These results are 

similar to those obtained in the OH study (please refer to section 5.3.3.) 
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Autonomically 
Complete SCI 

Autonomically 
Incomplete SCI 

 
Supine NA 
(nmol/L) 

 

0.37±0.13 3.69±1.02† 

Upright NA 
(nmol/L) 

 
0.25±0.05 3.89±2.66* 

 
LF SAP 
Power 

(mmHg
2
) 

 

0.77±0.26 3.31±1.09* 

LF SAP 
Power (%) 

 
9.00±2.77 20.85±4.50* 

LF SAP 
Power (nu) 

 
27.90±3.78 52.96±7.30† 

SAP Total 
Variance 
(mmHg

2
) 

8.90±1.57 15.50±3.79† 

Table 4 Autonomic completeness of injury 

Individuals with autonomically complete SCI had, by definition, lower plasma NA concentrations 

and LF SAP values. Symbols denote significant differences at the p<0.05 (*) and p<0.01 (†) 

levels.  
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6.3.4 Cardiovascular Responses to Autonomic Dysreflexia 

The maximal SAP during urodynamics for both groups was higher relative 

to their baseline and recovery values (p<0.001). No differences in SAP existed 

between groups during baseline or recovery. Maximal SAP during urodynamics 

was significantly greater in the autonomically complete group relative to the 

autonomically incomplete group (p<0.001) (Figure 19A). HR at baseline, maximal 

blood pressure (BP) and recovery were significantly lower in the autonomically 

complete group (p<0.01). Furthermore, HR was significantly lower during 

maximal BP relative to supine baseline in the autonomically complete group but 

not in the autonomically incomplete group (p<0.05) (Figure 19B). There were no 

differences in SV and CO between or within groups during the urodynamics 

protocol (Figure 19C,D). Interestingly, TPR was not significantly different 

between the two groups; however, TPR decreased in the recovery phase relative 

to the values attained during maximal BP in both groups (p<0.05) (Figure 19E). 

Both CBFVM (Figure 19F) and CBFVD were not significantly different between 

groups or phases.  

There were no significant differences in PETO2 between or within groups. 

In the autonomically complete SCI group supine, maximal BP and recovery 

PETO2 was 98.7mmHg ± 2.6mmHg, 101.8mmHg ± 4.0mmHg and 100.1mmHg ± 

2.3mmHg, respectively. In the autonomically incomplete SCI group supine, 

maximal BP and recovery PETO2 was 105.4mmHg ± 1.9mmHg, 105.8mmHg ± 

2.8mmHg and 106.6mmHg ± 1.7mmHg, respectively. Similar to PETO2, no 

differences were observed between or within groups in PETCO2 during the test. In 
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the autonomically complete SCI group supine, maximal BP and recovery PETCO2 

was 36.5mmHg ± 1.9mmHg, 34.1mmHg ± 1.8mmHg and 37.1mmHg ± 

0.4mmHg, respectively. Supine, maximal BP and recovery PETCO2 in the 

autonomically incomplete group was 35.2mmHg ± 1.1mmHg, 36.1mmHg ± 

1.6mmHg and 35.2mmHg ± 1.2mmHg, respectively.  
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Figure 19 Cardiovascular responses to maximal autonomic dysreflexia 

 (A) SAP significantly increased in both groups during maximal BP although the relative increase 

was greater in individuals with autonomically complete SCI. (B) Resting, maximal BP and 

recovery HR were lower in the autonomically complete group. During AD there was a significant 

decrease in HR in the autonomically complete group. This was not the case for the autonomically 

incomplete group. No differences existed in SV (C) and CO (D) between or within groups during 

the urodynamics protocol. (E) No differences in TPR were recorded between groups. However, 

TPR decreased significantly during recovery in both groups. (F) CBFVM and CBFVD were not 

significantly different during the protocol. 
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For comparison, cardiovascular responses were also determined during 

maximal infusion. Results were similar to those obtained when comparing 

responses to maximal BP. One notable difference, however, was that at maximal 

infusion CBFVM significantly increased relative to supine in the autonomically 

complete SCI group but not in the incomplete group (Figure 20). 
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Figure 20 Cardiovascular responses to maximal infusion 

 (A)  SAP increased similarly during maximal infusion in both groups. HR (B), SV (C) and CO (D) 

responses were similar to those obtained when comparing responses to maximal AD. (E) TPR 

was not significantly different between or within groups across the three conditions. (F) At 

maximal infusion, CBFVM significantly increased relative to supine conditions in individuals with 

autonomically complete SCI. 
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6.3.5 Influence of Autonomic Completeness of Injury on Cardiovascular 
Control 

Further analyses on the influence of autonomic completeness of injury on 

cardiovascular control were determined via correlating cardiovascular responses 

with indices of autonomic completeness of injury. The SAP at maximal BP 

significantly correlated to LF SAP (nu) such that individuals with autonomically 

complete injuries had larger maximal SAP values during urodynamics (R=-0.498, 

p<0.05) and vice versa (Figure 21). HR during maximal BP was lower in those 

with complete injuries when correlated against supine NA (R=0.691, p<0.05) and 

SAP total variability (R=0.488, p<0.05). Individuals with autonomic dysfunction 

had lower SV during maximal BP. At SAP values 40, 50 and 60 mmHg above 

baseline, SV positively correlated with LF SAP (%) (+40mmHg: R=0.698, p<0.01; 

+50mmHg: R=0.786, p<0.05; +60mmHg: R=0.786, p<0.05). A similar relationship 

was observed between CO during the maximal BP response at 60mmHg SAP 

above baseline and LF SAP (%) (R=0.750, p<0.05).  

The severity of AD significantly correlated with supine plasma NA 

concentrations (R=-0.593, p<0.05), such that individuals with autonomically 

complete SCI exhibited larger increases in SAP during AD (Figure 22).  
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Figure 21 The Relationship between autonomic dysreflexia and autonomic 
completeness of injury 

A negative linear correlation existed between LF SAP (nu), a marker of autonomic completeness 

of injury, and the maximal SAP attained (maximal BP) during the urodynamics procedure, such 

that individuals with autonomically complete injuries attained higher maximal SAP values during 

urodynamics than those with incomplete injuries.  
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Figure 22 The relationship between severity of autonomic dysreflexia and the 
autonomic completeness of injury 

A significant (p<0.05) correlation existed between supine plasma NA concentrations and the BP 

response to urodynamics calculated by subtracting baseline SAP (SAPBL) from the SAP recorded 

at maximal BP (SAPAD).  
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6.3.6 Cerebrovascular Control and Severity of Autonomic Injury 

When indices of cerebrovascular control were correlated against autonomic 

completeness of injury, a relationship with CBFVM emerged. The magnitude of 

the change in CBFVM during maximal infusion was negatively related to supine 

NA levels such that individuals with autonomically complete injuries had larger 

increases in CBFVM (R=-0.750, p<0.05). This relationship was also true when the 

same CBFVM parameter was correlated with upright NA (R=-0.929, p<0.0001) 

(Figure 23).  
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Figure 23 The influence of severity of autonomic injury on cerebral blood flow 
velocity 

There was a significant correlation between the percentage change in CBFVM and the supine (A) 

and upright (B) plasma NA concentrations, such that individuals with autonomically complete 

injuries had larger increases in CBFVM than those with intact autonomic function. 

A

Supine NA (nmol.L
-1

)

0 1 2 3 4 5 6 7

P
e

rc
e

n
ta

g
e

-c
h

a
n

g
e

 C
B

F
V

 (
%

)

-40

-20

0

20

40

60

B

Upright NA (nmol.L
-1

)

0 1 2 3 4 5 6

P
e

rc
e

n
ta

g
e

-c
h

a
n

g
e

 C
B

F
V

 (
%

)

-40

-20

0

20

40

60

R=-0.750, p<0.05

R=-0.929, p<0.0001



 

 133 

6.3.7 Static and Dynamic Cerebral Autoregulatory Control 

In a comparison of sCA across groups, both the correlation and gradient 

were significantly greater in the high-level SCI group as compared to the low-

level group (p<0.01 and p<0.05, respectively) (Figure 24). In assessing the 

relationship between our calculation of sCA and the magnitude of the change in 

CBFV during maximal BP and infusion we found a significant correlation between 

sCA correlation and the magnitude of the change in CBFV during maximal BP 

(R=0.543, p<0.05) (Figure 25A). The relationship between sCA correlation and 

the magnitude of the change in CBFV during maximal infusion did not quite reach 

statistical significance (R=0.470, p=0.077) (Figure 25B). A trend between sCA 

gradient and the same CBFV parameter existed (R=0.457, p=0.10) (Figure 25C) 

whereas a statistical relationship was observed between the sCA gradient and 

the magnitude of the change in CBFV during maximal infusion (R=0.666, p<0.01) 

(Figure 25D).  
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Figure 24 Comparison of static cerebral autoregulatory parameters  

Individuals with high-level SCI had impaired sCA as determined from the correlation (A) and 

gradient (B) describing the relationship between CBFVM and CMAP. Symbols denote significance 

at  p<0.01 (†) and p<0.05 (*).  
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Figure 25 Correlations between cerebral blood flow velocity and static cerebral 
autoregulation 

The relative change in CBFVM during maximal BP significantly (p<0.05) correlated with the sCA 

correlation (A) and almost achieved statistical significance (p=0.10) with the sCA gradient (B). 

Furthermore, the relative change in CBFVM during maximal infusion almost achieved statistical 

significance (p=0.077) relative to the sCA correlation (C) and was correlated (p<0.01) with the 

sCA gradient (D).   
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There were no significant relationships between measures of dCA and 

CBFVM. However, this is likely due to the low number of data points (supine, n=6; 

urodynamics, n=3; recovery, n=6)) for dCA that achieved coherence ≥ 0.5 and 

were thereby eligible for cross-spectral analysis. 

6.3.8 Symptoms of Cardiovascular Dysfunction 

The averaged symptoms score from the AD symptoms questionnaire was 

significantly higher in the high-level SCI group as compared to the low-level 

group (p<0.05) (Figure 26A). Furthermore, the score negatively correlated with 

supine NA such that individuals with autonomically complete injuries tended to 

report higher frequency and severity of symptoms than individuals with intact 

autonomic function (R=-0.556, p<0.05) (Figure 26B).  

The AD symptoms score did not correlate with CBFVM or CBFVD. However, 

the relationship between CBFVS and the symptoms score almost achieved 

statistical significance (R=0.503, p=0.05). No other correlations were observed 

between symptoms scores and sCA, dCA or severity of AD. 
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Figure 26 Symptomatic autonomic dysreflexia and the relationship with level and 
severity of autonomic completeness of injury 

 (A) The self-reported severity and frequency of symptomatic AD was greater (*, p<0.05) in 

individuals with high-level SCI compared to low-level SCI. There was a significant negative 

correlation between the supine NA concentration and the severity of symptoms of AD (B).   
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6.4 Discussion 

6.4.1 Incidence of Autonomic Dysreflexia 

Currently, AD is defined as an increase in SAP of at least 20 mmHg; a 

definition we employed in assessing frequency of AD.136 However, other 

definitions exist and, indeed, some researchers believe that a revised definition 

of AD should be considered to define the physiological limits of blood pressure 

after SCI.137  Our data highlight this need, because when employing the currently 

used definition of AD we observed no difference in its incidence between 

individuals with autonomically complete and incomplete SCI. 

Karlsson (1999) advocates defining AD by an increase in SAP of at least 

20% of baseline in addition to the presence of symptoms.36 However, the use of 

symptoms in defining AD is debated as the presence of asymptomatic AD, which 

is well-documented in the SCI population, poses as great a health risk, if not 

greater, than symptomatic AD.16 Indeed, it is for similar reasons that the current 

definition of OH excludes the presence or absence of symptoms.  

Shergill et al (2004) suggest using a minimum upper threshold of 50 mmHg 

SAP above baseline in defining AD.138 Other methods of defining AD include 

determining HR responses in addition to blood pressure responses during AD. 

Bradycardia during AD occurs as the cardiac efferent arm of the baroreflex 

attempts to reduce HR and ameliorate the increase in BP. The incorporation of 

HR responses in the definition of AD may be of benefit to distinguish AD from the 

normal stress response whereby increases in BP occur concomitantly with 
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tachycardia. We found significant differences in rates of AD across groups when 

AD was defined by an increase of SAP of at least 50 mmHg above baseline 

(autonomically complete, 6/7, 85.7% and autonomically incomplete, 3/11, 27.2%; 

p<0.05). Using a definition of AD that incorporates BP and HR yielded an even 

more marked difference in incidence (autonomically complete, 7/7, 100% and 

autonomically incomplete, 1/11, 9.1%; p<0.001); where AD was defined as an 

increase in SAP of at least 20 mmHg as well as the presence of bradycardia, 

defined by a HR lower than 60 beats/min.139   

A definition of AD that includes HR and does not discriminate against the 

presence or absence of symptoms appears to be a better way of distinguishing 

AD from other conditions known to cause elevated blood pressure. Indeed, in our 

study, such a definition was successful in differentiating AD in the autonomically 

complete group from presumed stress responses in the autonomically incomplete 

group in whom AD is unlikely to occur. 

6.4.2 Cardiovascular Responses to Autonomic Dysreflexia 

During maximal BP, individuals in the autonomically complete SCI group 

attained greater absolute SAP values reflective of increased severity of AD. As 

individuals in this group have no sympathetic control of the splanchnic vascular 

bed, and as this is a predisposing factor for the development of AD after SCI, the 

increased severity of AD in this group is expected.  

Baseline and recovery HR in the autonomically complete SCI group were 

lower than corresponding values in the incomplete group. During urodynamics, 

HR decreased significantly in the autonomically complete SCI group but not in 
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the incomplete group. Individuals in the autonomically complete SCI group may 

include those lacking sympathetic control of the heart as preganglionic 

sympathetic neurons that innervate the cardiac tissue exit the spinal cord at 

vertebral levels T1-T5.18 Typically, baroreflex modulation of the efferent neurons 

controlling the heart act to decrease HR during increases in blood pressure. 

Individuals with autonomically complete SCI experienced larger increases in 

pressure during AD and, therefore, experienced more dramatic falls in HR.  

SV did not differ between groups during the test, nor did it significantly 

change during urodynamics. In individuals with autonomically incomplete injuries 

the unchanged SV during urodynamics can be explained by the smaller 

increases in blood pressure observed. In those with autonomically complete 

injuries, in whom large changes in blood pressure are observed, HR decreases 

via vagal activation in an attempt to mitigate the changes in pressure. As 

sympathetic control to the heart is lost autonomic modulation of contractility in 

influencing ejection fraction, and hence SV, is not possible.20  Although 

parasympathetic control remains intact, the influence of vagal efferents on 

contractility is limited to the atria with a minimal role in the ventricles. This could 

explain the absence of SV changes observed during urodynamics. It is possible 

that CO, being a product of the HR and SV responses, did not change due to the 

absence of changes observed in SV.  

A trend for increased TPR during maximal BP existed, compatible with the  

sympathetic activation during AD and subsequent vasoconstriction below lesion. 

The decrease in TPR observed post-maximal BP is likely a result of the removal 
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of the stimulus and subsequent loss of sympathetic activation to these vessels. It 

is also possible that the changes in TPR observed were due to myogenic 

responses independent of central sympathetic nervous system control.   

These physiological responses are compatible with previous research on 

the cardiovascular effects of AD.135, 140  

6.4.3 Cerebrovascular Responses to Autonomic Dysreflexia 

Interestingly, although CBFVM and CBFVD did not differ between groups or 

phases when comparing maximal BP responses, differences were observed 

when comparing maximal infusion responses. At maximal infusion the 

autonomically complete group had significantly larger increases in CBFVM 

relative to supine than the autonomically incomplete group. This relationship was 

not observed when comparing SCI groups on level of injury alone. One possible 

explanation for this is that bladder filling delivers a greater AD stimulus in 

individuals with autonomically complete injuries thereby allowing for differences 

in cerebral flow to emerge. These differences may be masked when comparing 

responses between groups at maximal blood pressure time points. If this is so, 

and as bladder manipulations (voiding, filling, urodynamics, etc.) are the primary 

cause of AD in the SCI population, these data could suggest that individuals with 

autonomically complete lesions are at increased risk of suffering cerebrovascular 

accidents during bladder manipulations and extra care must therefore be taken 

during these procedures. Indeed, the relationship between cerebrovascular 

accidents and bladder manipulation procedures is well documented.138 Increased 

CBFVM, as we observed in our study, could explain this phenomenon.  
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Previous studies have shown CBFVD to better relate to symptoms of 

hypoperfusion than CBFVM. It is for this reason that we opted to use CBFVD as 

the primary marker of cerebral flow when assessing cerebrovascular responses 

to orthostatic hypotension after SCI. However, as we were interested in 

hyperperfusion in this AD study, the use of CBFVM was warranted and was, 

indeed, preferred over CBFVD, which would better highlight reductions in cerebral 

perfusion.   

In a comparison of sCA between high and low level injury groups, both 

correlations and gradients were significantly higher in the former group. Previous 

research has found increased correlations and gradients between blood 

pressures and cerebral flows to be indicative of diminished cerebral 

autoregulatory function.141 In support of this, individuals with SCI and impaired 

sCA assessed using these markers appeared to exhibit functional deficits in 

autoregulation, as evidenced by increases in CBFVM during the hypertension 

elicited by urodynamics testing.  

These data, along with those of the CBFVM during maximal infusion, 

highlight the importance of autonomic pathways in cerebral autoregulation post-

SCI. As discussed previously, the role of the sympathetic nervous system in 

cerebral autoregulation is currently debated but believed to be important in 

maintaining cerebral blood flow in conditions of abnormally high or low perfusion 

pressures.45 In previous studies, blood pressures in excess of 300mmHg have 

been reported during AD16; a considerable increase in pressure, well beyond the 

normal upper limit of autoregulatory control. It is likely that pressures experienced 
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during AD are beyond the upper normal limit of cerebral autoregulation and, 

therefore, require sympathetic vasoconstriction of downstream resistance 

vessels in the cerebral vasculature to maintain cerebral flow. When sympathetic 

control of the cerebral vasculature is absent, autoregulation is diminished, and 

this is compatible with our observations. 

We have shown, for the first time, that autoregulation in individuals with 

autonomically complete SCI is diminished during AD.  

6.4.4 Subjective Measures of Symptoms and Fatigue 

The AD symptoms score was significantly greater in individuals with high 

level SCI in comparison to individuals with low level SCI. As individuals with 

lesions below T5 are not expected to experience AD the lower score is intuitive. 

Indeed, in a comparison of symptoms scores with severity of autonomic injury a 

significant relationship existed such that individuals with autonomically complete 

injuries reported higher symptoms scores. The mechanistic association between 

presentation of symptoms associated with AD and autonomic completeness of 

injury is unclear although it is likely due to the correlation between autonomic 

completeness of injury and severity of AD.  

It appears from our data that a relationship may exist between CBFVS and 

the AD symptoms score. This could have interesting implications for the 

mechanistic link between cerebral perfusion and symptoms. Research on the link 

between cerebral hyperperfusion and symptoms is lacking, however, previous 

research61, 65 on cerebral hypoperfusion has suggested that symptoms during OH 

are mediated by hypoperfusion. In their studies, these groups observed that 



 

 144 

measuring CBFVD was a better indicator of symptoms than the CBFVM during 

OH. It is possible that the inverse is true for hyperperfusion whereby CBFVS may 

be a better indicator of symptoms during AD. 

Unexpectedly, no relationship was observed between dCA and the AD 

symptoms score. However, the low n in the dCA analysis for the AD study could 

be masking the results. Therefore, as yet, conclusions regarding the relationship 

between dCA and symptoms during AD cannot be made.  

The relationship between symptoms and autoregulatory dysfunction was 

clearly observed in two subjects undergoing urodynamics testing. One subject, 

(Figure 27A), was symptomatic during the urodynamics procedure. Although the 

procedure elicited only a small increase in his SAP, the increase in both CBFVM 

and CBFVD were marked, at approximately +20cm/s each (an increase of ~22% 

and 33%, respectively). In comparison, another subject (Figure 27B) was 

asymptomatic during the procedure. His blood pressure peaked at ~250mmHg 

(an almost three-fold increase from his baseline low) for a short amount of time 

although his CBFVM and CBFVD exhibited little change during that time (Figure 

27). 
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Figure 27 Urodynamics test example tracing 

(A) This individual was highly symptomatic during the urodynamics test even though his blood 

pressure increased only slightly during the procedure. Note that a small increase in his SAP 

corresponded to a large increase in both his CBFVM and CBFVD. (B) This individual was 

asymptomatic during the urodynamics procedure. During the test, he transiently reached SAP 

levels in excess of 250 mmHg, however, his CBFVM increased only slightly.   
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7: CONCLUSION 

7.1 Orthostatic Hypotension 

Autonomic completeness of injury correlated with motor and sensory 

completeness of injury in only 33% of subjects. A similar finding was observed in 

a previous study.66 Although the AIS provides a useful quantitative measure of 

motor and sensory spinal injury, it does not quantitatively assess severity of 

autonomic injury. These findings highlight the need for assessment of autonomic 

completeness of injury after SCI.  

Currently, no gold standard for the assessment of autonomic injury exists. 

In our study, we assessed the extent of injury invasively via plasma 

catecholamine concentrations and non-invasively via SAP variability. We found 

SAP variability to be a good measure of autonomic completeness of injury; 

correlating significantly with plasma NA concentrations (R=0.475, p<0.01). 

Similar observations have been reported previously.110 The use of SAP variability 

to determine autonomic completeness of injury is beneficial as it is non-invasive, 

quantifiable, easy to perform and cost-effective. The use of total SAP variability is 

of greater interest as it would enable clinicians to determine severity of 

autonomic injury without the need for frequency analysis software. In our study 

SAP variability correlated significantly with LF SAP.  

Individuals with high-level autonomically complete SCI had increased 

incidences of OH. This was associated with larger falls in SAP, SV, CO and 
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CBFV during orthostasis. The severity of OH correlated with the autonomic 

completeness of injury; highlighting the importance of assessing autonomic 

function after SCI.  

CBFVM and CBFVD decreased in all groups during orthostasis. However, 

CBFVD decreased more when upright in individuals with autonomically complete 

SCI relative to controls and the autonomically incomplete group. This was not 

observed when individuals with SCI were divided by the level of injury alone or 

the AIS score. Several measures were used to assess cerebral function (dCA, 

sCA and the relative fall in CBFV), and all correlated with the severity of 

autonomic completeness of injury. These data suggest that autonomically 

complete SCI influences cerebrovascular function and provides mechanistic 

insight into the role of the autonomic nervous system in cerebral autoregulation 

post-SCI.  

Individuals with autonomically complete SCI experienced more frequent 

and severe symptoms of OH than controls and individuals with autonomically 

incomplete SCI. Furthermore, individuals’ symptoms scores correlated with 

resting supine SAP and minimum SAP during orthostasis. Ultimately, symptoms 

of OH are believed to be manifested by cerebral hypoperfusion and we indeed 

found a correlation between dCA and the OH symptoms score.  

The role of the sympathetic nervous system in maintaining 

cerebrovascular haemodynamics is contentious. Our data, as shown by absolute 

and relative differences in CBFVM and CBFVD during orthostasis for individuals 

with autonomically complete SCI as well as with correlations with autonomic 
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completeness of injury, suggest that loss of sympathetic control to the cerebral 

vessels impairs haemodynamics during orthostasis. This finding provides 

important mechanistic insight into the role of the sympathetic nerves in cerebral 

autoregulation.  

7.2 Autonomic Dysreflexia 

AD is currently defined as an increase in SAP by at least 20 mmHg. When 

we applied such a criteria in our definition of AD we were unable to discriminate 

between AD and stress responses due to the urodynamics procedure. We tested 

several definitions of AD and determined that a definition of AD that includes both 

blood pressure and HR responses was best able to differentiate AD responses 

from stress responses. 

In our study, all individuals with SCI increased their blood pressure during 

the urodynamics procedure although the increase was greatest in individuals with 

autonomically complete SCI. The increase in SAP observed in individuals with 

autonomically incomplete injuries is likely the result of a stress response to the 

stimulus; not AD per se.  

After SCI, bladder stimulation is one of the most frequently cited triggers 

for AD. Furthermore, urodynamics is a procedure individuals with SCI are 

recommended to have done regularly to enable optimisation of their bladder 

care, and we felt it important to understand the effects this procedure has on the 

cardiovascular system. The severity of AD correlated with the autonomic 

completeness of the SCI; similar to the correlation between the same measure 
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and severity of OH observed in the OH study. After SCI, therefore, the extent of 

autonomic injury is a key factor in the mediation of AD. Our results indicate that 

assessing the autonomic completeness of injury in a quantifiable manner is an 

important and necessary measure for clinicians and researchers who work with 

individuals with SCI. 

The autonomic completeness of injury was also significantly correlated 

with the severity of cerebral autoregulatory dysfunction. Measures of sCA were 

higher in individuals with high level SCI and were correlated with maximal CBFVM 

during AD. Correlations were not observed with dCA although this is likely due to 

the low number of data points available for dCA in the AD study.  

Similar to the results obtained in the OH study, individuals with high level 

SCI reported more frequent and severe symptoms of AD. These symptoms 

scores correlated with cerebral autoregulation such that individuals with impaired 

autoregulation were more symptomatic during AD. This is consistent with the 

view that symptoms of AD, much like symptoms of OH, are mediated by cerebral 

perfusion and not blood pressure per se; verified by the result that symptoms of 

AD did not correlate with blood pressure responses during AD.  

We observed impaired cerebral autoregulation after SCI that was related 

to both the level of SCI, the severity of autonomic injury and the severity and 

frequency of symptomatic AD and/or OH. These results provide important 

information regarding the role of the sympathetic nervous system in cerebral 

autoregulation after SCI. Understanding the changes in perfusion we observed 

after autonomically complete SCI could help clinicians manage and treat 
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individuals with SCI suffering from cerebral perfusion-mediated disorders, such 

as syncope, stroke and cerebral haemorrhage.  
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8: LIMITATIONS AND FUTURE DIRECTIONS 

Although we studied a substantial number of individuals with SCI during 

orthostatic stress, some volunteers were not keen on participating in the 

urodynamics study. The lower n number for this test may have influenced some 

of the responses observed, and could potensially increase the frequency of false-

negative results. Efforts are currently underway to continue recruiting and testing 

subjects for this procedure.  

A similar issue existed in the assessment of dCA. As we compared only 

those parameters with coherence values >0.5, and as this tended to reduce the 

analyzable data by approximately one-third, we were left with a lower n number 

for the dCA parameters. However, given the nature of the procedure and the 

requirement for coherence to be greater than the threshold of 0.5, this is an 

inescapable issue. Indeed, it is a common problem for researchers studying dCA, 

especially for those studying patient populations, in which recruitment is already 

difficult.62  

It is possible that the stimulus for AD in the urodynamics test, infusion of 

250mL of sterile water, may not have been large enough to provoke AD in some 

subjects. Indeed, in able-bodied individuals the bladder can hold up to as much 

as 600mL.142. Although this capacity is likely far lower for people with SCI, the 

250mL of sterile water we infused as part of the urodynamics test may be 

significantly smaller than the capacity that normally triggers AD. In 
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communicating with subject participants, we found this to be true where most 

larger subjects reported bladder capacities in excess of 400mL.  

During administration of the urodynamics test we observed that the vast 

majority of subjects did not experience AD during the infusion phase of the test. 

However, it was observed during the setup phase of the test, which involved 

inserting and removing urethral catheters prior to the infusion. As we recorded 

data during this phase we were able to capture the responses to AD in those who 

experienced it.  

One final limitation to the study was in regards to the assessment of 

symptoms. Quantification of the frequency and severity of symptoms was 

assessed via a symptoms questionnaire that asked subjects to describe previous 

experiences of OH and AD. We found that responses to the questionnaire were 

sensitive to the prompts received from the interviewer and we therefore ensured 

that all symptoms questionnaires were administered by the same researcher. 

Informal, qualitative assessment of symptoms was made during the test although 

the experiment could have benefited from assessing symptoms quantitatively at 

different time points or phases of the tests. We have since created such a 

questionnaire, based on the visual analogue FSS questionnaire, and will begin 

pilot testing of this new questionnaire during testing in the near future (Appendix 

G & H).  

Another component to this larger study involves determining 

cerebrovascular haemodynamics in response to changes in end-tidal oxygen and 

carbon dioxide levels. Although this component is beyond the scope of my 
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project it will yield vital information regarding potential changes in 

cerebrovascular reactivity to oxygen and carbon dioxide in individuals with SCI. 

These gases are known to influence cerebral autoregulation and it is 

hypothesized that the cerebral vasculature of individuals with SCI may react 

differently to them in comparison to healthy, able-bodied individuals. Future 

studies with end-tidal gas manipulations are warranted to clarify this potential 

difference. 
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9: IMPLICATIONS OF THE PROJECT 

This project examined, for the first time, beat-to-beat cerebrovascular 

regulation during OH and AD while controlling for key determinants of cerebral 

flow such as blood pressure, arterial oxygen and arterial carbon dioxide tensions. 

Additionally, we have determined autonomic completeness of injury and 

correlated the severity of destruction to autonomic tracts with cerebral 

autoregulatory dysfunction. A comprehensive study of cerebrovascular control 

during OH and AD has never been performed in the SCI population even though 

the incidence of fainting during OH and cerebrovascular accidents associated 

with AD in individuals with SCI is high. The results of this study could help 

identify those individuals with SCI at increased risk of cardiovascular and 

cerebrovascular disease and may help aid treatment and design preventative 

strategies for the management of OH and AD. Ultimately, this study constructs a 

comprehensive picture of cerebral autoregulatory function currently lacking for 

individuals with SCI.  
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Appendix A: ASIA Impairment Scale (AIS) 
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The ASIA Impairment Scale (AIS) is the score developed by the American Spinal Injury 

Association to determine motor and sensory function after SCI. Sensory function is evaluated by 

light touch and pin prick on 28 key sensory points and a score from 0, indicating sensation is 

absent, and 2, indicating sensation is normal, is given. To evaluate motor function 5 key muscles 

in the upper extremity and 5 in the lower extremity are tested. Muscle strength is graded from 0 to 

5 where 0 indicates total paralysis of the muscle and 5 indicates normal muscle function against 

resistance. Note: although the updated AIS does include some measure of functional deficits in 

autonomic control, a quantitative appraisal of damage to these pathways is currently lacking. 
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Appendix B: Sample Size Calculations 

Sample size calculations were performed to detect differences in CBFV, LF 

SAP and SAP with 80% power and an α=0.05 between controls, individuals with 

cervical SCI and individuals with thoracic SCI. These parameters were chosen as 

they represent the main areas of interest in this study: cerebral autoregulation, 

autonomic completeness of injury and blood pressure control, respectively. 

Calculations from preliminary data and previous studies yielded n values of 5, 12 

and 14, of which 15 was selected as an appropriate target. A target of 15 for 

each group was selected to adequately maintain power in the situation where 

several subjects did not complete all components of the study.  

 

 
 

The calculation of n=15 per group as the appropriate sample size required the 

following assumptions: 

 The differences in CBFV between individuals with SCI and able-bodied 

controls during rest will be indicative of differences during the testing 

protocols. 

 The calculation of sample size from CBFV is based on preliminary data 

that does not differentiate between levels of injury for the SCI group. 

 Minimum Difference 
in Means 

Expected Standard 
Deviations 

Calculated 
Sample Size 

Parameter    
LF SAP 186ms2 151 12 

    
SAP (OH) 35mmHg 14.87 5 
SAP (AD) 47.8mmHg 38.59 14 

    
CBFV 9.34 cm/s 6.99 12 
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However, these data primarily consist of individuals with cervical injuries. 

We assume that calculations of sample size based on these data will 

sufficiently differentiate between responses in all SCI groups. 

 Reduced LF SAP is a marker for complete destruction of autonomic 

pathways. Calculations of sample size based on differences in LF SAP 

between groups will sufficiently elucidate the differences in autonomic 

completeness of injury. 

 We do not expect to see differences in resting or upright SAP between 

individuals with thoracic SCI and controls. Therefore, the calculations were 

performed to adequately power a determination of the differences 

between individuals with cervical SCI and controls.  

 Additional sample size calculations for SAP were calculated from previous 

studies on individuals with SCI during AD. As control subjects will not 

undergo the AD protocol the sample size calculation was performed 

between individuals with cervical and thoracic SCI during AD. 
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Appendix C: Informed Consent Form 
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Appendix D: Doppler Shift Equation 

The Doppler shift equation can be described as follows: 

fD = 2 fo v cosθ/c 

 Where:  fD  Doppler shift 

   fo  emitted frequency 

   v  blood velocity 

   θ Doppler angle 

   c  speed of ultrasound in the medium 

As fo, θ and c are constant, the above equation can be rearranged for v in 

which changes in v will be reflected by changes in fD.  

v = fD c/2 fo cosθ 

Changes in fD will therefore be proportional to changes in v. Furthermore, 

prior studies have shown that the diameter of the MCA does not change.101-103 

Therefore, if the cross sectional area of the insonated artery remains unchanged 

the Doppler shift will be proportional to changes in arterial blood flow and not 

changes in arterial diameter. Transcranial Doppler ultrasonography thereby 

provides a useful measure for blood flow within the MCA. 
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Appendix E: Original Fatigue Severity Scale (FSS) Questionnaire 
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The fatigue severity scale (FSS) is designed to measure severity of fatigue. Users mark their 

answer along the line and this distance is measured and quantified from the anchor point of “not 

fatigued.” An average is taken of all 18 questions in the analysis of fatigue. As individuals with 

SCI may have limited hand function and as many of the 18 questions may appear redundant, a 

shortened version of the form including questions 1, 4 and 12 was validated for use in the SCI 

population (Appendix F). 
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Appendix F: Symptoms & Abbreviated Fatigue Questionnaire 
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Appendix G: Visual Symptoms Scale (OH) 
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Appendix H: Visual Symptoms Scale (AD) 
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