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ABSTRACT 

BIOFEEDBACK USING VIRTUAL REALITY, CONSCIOUS INTEROCEPTION, 
AND BREATHING EXERCISES MODULATES BLOOD PRESSURE AND 

HEART RATE VARIABILITY IN PEOPLE WITH AND WITHOUT CERVICAL 
SPINAL CORD INJURIES 

Rachel Torres 

April 16, 2024 

There is an immediate need for fast-acting blood pressure (BP) 

modification without the side effects of pharmaceutical interventions for people 

with spinal cord injuries (SCI), especially injuries above thoracic level six.1,2 

These cervical injuries usually cause detrimental sympathetic nervous system 

alterations. People with cervical SCI often present with symptoms of autonomic 

dysfunction similar to astronauts in microgravity, hence the mutual research 

interests of both space and SCI physiologists. In space, there is less gravity to 

pull blood away from the brain, so the sympathetic nervous system is not 

required to be as active to increase BP and restore cerebral perfusion. This 

alteration in the demand for sympathetic modulation of BP, in addition to other 

factors, changes the nervous systems of astronauts, both in space and upon 

return to Earth.3,4 Researchers from the National Aeronautics and Space 

Administration (NASA) found a biofeedback protocol, autogenic feedback training 

exercise (AFTE) to be successful in attenuating orthostatic hypotension in space 

crews.5 In previous investigations, people with SCI were found to be better able 

to self-generate BP modifications than non-injured (NI) people, possibly due to 
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the creation of a novel neural feedback loop.6 Inspired by AFTE, our protocol 

added breathing exercises, mental and virtual reality (VR) imagery, and 

interoceptive attention. First, we investigated whether VR or mental imagery 

created the most change in BP and heart rate variability (HRV), alternating three-

minute stimulating and relaxing training cycles in 17 NI participants and 14 

participants with SCI. Second, we trained 13 people with SCI and seven NI 

control participants using our autonomic biofeedback protocol for self-modulation 

of BP, for one hour per session with eight or nine training sessions over one 

month. Participants’ feedback goal was to increase during stimulation cycles and 

then decrease during relaxation cycles their mean arterial pressure (MAP) by at 

least five millimeters of Mercury (mmHg). We measured hemodynamic response 

to head-up tilt testing, the Valsalva maneuver, and paced deep breathing before 

and after the series of training sessions. We administered selected surveys from 

the Tulsky Quality of Life for SCI7 inventory and the Body Perception 

Questionnaire8 to assess any changes in quality of life and interoception. Mean 

increases and decreases in MAP for all participants were significantly greater 

than five mmHg during cycles. Yet, this mean was no different in pre/post 

autonomic testing or five-minute rest periods before and after training, which 

suggests the training could be most useful when acute BP changes are desired, 

such as in a hypertensive or hypotensive state. Significant improvements in both 

time and frequency domain HRV measurements correlated with increased BP 

variability in five-minute rest periods before and after each training in all 
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participants, which suggests acutely increased volitional BP variability may also 

be cardioprotective, a novel finding.  
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CHAPTER I 

INTRODUCTION 

Human Nervous System Overview 

Humans interact physically and emotionally with their environment through 

their nervous systems. The human nervous system is divided into the central 

nervous system (CNS) and the peripheral nervous system. The CNS is 

composed of the brain and spinal cord and is protected by the skull, vertebral 

column, and the blood-brain barrier.9 The peripheral nervous system receives 

information from internal and external environmental stimuli and then sends this 

information to the CNS. The CNS interprets the significance of the signal and 

then sends chemical or electrical signals to direct body function.   

The fundamental units of the nervous system are nerve cells, otherwise 

known as neurons. Neurons are “electrically excitable cells that transmit signals 

throughout the body.”9 Neurons transmit impulses to other neurons or cells by 

releasing neurotransmitters into a synaptic cleft, which is the space between 

neurons. The neurotransmitters either excite or inhibit the electrical signal.5 A 

typical neuron is comprised of a soma, axon, and dendrites.  

 The soma is the body of the neuron. It contains organelles with different 

functions such as creating proteins from genetic information and maintaining the 

structure and energy of the neuron. An axon is an extension of the soma covered 
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in a myelin sheath which enhances electrical transmission of efferent signals. 

Efferent signals take information from the soma and send it outward to body 

tissue, organ, or structure.10 Incoming information is received by dendrites.  

Dendrites branch out from the soma to receive these afferent signals. A group of 

axons in the CNS is known as a tract while a group of axons in the peripheral 

nervous system is a nerve.11 A plexus is a network of nerves near or in the target 

organ.”11 

A ganglion is a group of nerve cells in the peripheral nervous system. 

Ganglia can be broadly divided into the sensory ganglia of the somatic nervous 

system, and the autonomic ganglia of the autonomic nervous system. Each soma 

in a ganglion is covered by satellite cells, and each ganglion is covered by dense 

connective tissue. Satellite cells supply nutrients and have a protective and 

structural function for the ganglion. Satellite cells also have receptors and their 

additional neurochemical roles are still being discovered.12 

 Satellite cells are an example of glial cells. Neurons maintain their 

signaling ability through the support of glial cells.11 Glia consist of satellite cells, 

astrocytes, oligodendrocytes, Schwann cells, and microglia.13 Astrocytes are 

located only in the CNS and maintain the chemical environment for neuron 

signaling, form the blood-brain barrier, and some have stem cell-like qualities.11 

Oligodendrocytes, also only located in the CNS, are responsible for creating 

myelin. Myelin is an insulating material wrapping around axons that speeds the 

transmission of electrical signals.13 Cells in the peripheral nervous system that 

lay down myelin are known as Schwann cells.13 Microglia are similar to 
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macrophages in that they remove cellular debris and secrete signaling molecules 

such as cytokines.  

Neurons most commonly communicate with each other via 

neurotransmitters.11 Neurotransmitters carry information across the synapse and 

enable the transfer of electrical information through chemical signaling. Some 

examples of neurotransmitters are acetylcholine (ACH), norepinephrine, 

dopamine, serotonin, glutamate, gamma-aminobutyric acid (GABA), and glycine. 

Neurons can also release neurohormones into the bloodstream. Some neurons 

secrete neuromodulators in addition to neurotransmitters. These do not cause 

excitatory or inhibitory electrical potentials as neurotransmitters do; instead, they 

modulate the action of the synapse. Examples of neuromodulators are adenosine 

triphosphate (ATP), nitric oxide, and endocannabinoids.14 Some 

neurotransmitters, such as norepinephrine (NE), also are released as hormones 

in other parts of the body.13 This description serves as an overview to illustrate 

just a few of the complex interactions affecting neurotransmitter-receptor 

interaction. This interaction can also be affected by signaling from other neurons, 

hormones, or glia.13  

The peripheral nervous system signals the visceral or autonomic motor 

system to create movement in smooth muscle and glands. It also signals the 

motor nerves of the somatic motor system to create movement of skeletal 

muscles.15 To allow the sensory experiences of sight, sound, touch, temperature, 

pain, odor, and taste, our peripheral sensory ganglia and nerves send afferent 

(sensory) signals to the brain and spinal cord which then in response send 
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efferent (motor) signals. The peripheral nervous system is composed of 12 pairs 

of cranial nerves, receptors, and 31 pairs of spinal nerves.  

The cranial nerves provide motor and sensory innervation mainly to the 

head and neck.13 Afferent cranial nerves include the olfactory (cranial nerve one), 

responsible for the sense of smell, the optic (cranial nerve two) for vision, and the 

vestibulocochlear (cranial nerve eight) for hearing and balance. Efferent cranial 

nerves include the oculomotor (cranial nerve three) and trochlear (cranial nerve 

four) for eye movement, accessory (cranial nerve 11) for shoulder and head-

turning, and the hypoglossal (cranial nerve 12) for tongue movement.  Mixed 

afferent and efferent cranial nerves include the trigeminal (cranial nerve five) for 

facial sensation, facial (cranial nerve seven) for facial expression, 

glossopharyngeal (cranial nerve 11) for oral sensation and taste, and the vagus 

nerve (cranial nerve ten). Instead of innervating the head, the vagus nerve 

provides sensory and parasympathetic innervation to the neck and most of the 

organs in the chest and abdomen. Vagal tone is how responsive the vagus nerve 

is to needed cardiovascular changes and is measured by HRV.16 HRV is 

correlated with the capacity to regulate stress responses and can be influenced 

by breathing.17 

Receptors are cells or groups of cells that receive stimuli.10 They are each 

specialized to respond to one type of stimulus. There are seven different types of 

receptors, differentiated by their specialty. Proprioceptors receive and process 

information about body position. Nociceptors respond to pain. Photoreceptors 

respond to light. Mechanoreceptors sense touch and pressure and respond to 



5 

movement, such as the stretch receptors in the lungs, or baroreceptors detecting 

BP in the carotid body and aorta. Chemoreceptors respond to chemical changes, 

such as different concentrations of oxygen or carbon dioxide in the blood.  

Thermoreceptors respond to temperature.18 The spinal nerves and cranial nerves 

work together to create both conscious responses of movement and unconscious 

responses of autonomic processes and reflexes. The entire nervous system, as 

with all body systems, adapts and changes as needed to maintain 

homeostasis,14 a stable equilibrium between interdependent physiological 

processes.19 The intermediary between the brain and the peripheral nervous 

system is the spinal cord. 

Spinal Cord Anatomy 

Millions of neurons with complex connections comprise the delicate and 

sensitive spinal cord. The spinal cord extends from the lower part of the 

brainstem, surrounded by the first cervical vertebra (C1), and ends at the first 

lumbar vertebra (L1). References to vertebral bones are distinguished by “C” for 

cervical, “T” for thoracic, “L” for lumbar, and “S” for sacral, with corresponding 

numbers. The spinal cord is protected by (proximal to distal) the pia mater, 

arachnoid mater, dura mater, and vertebral bones.20 The cauda equina is 

composed of long rootlets that extend from L1 to the coccyx.  

There are 31 pairs of spinal nerves (eight cervical, twelve thoracic, five 

lumbar, five sacral, and one coccygeal). Spinal nerves emerge from the spinal 

cord in between the correspondingly named bones. Cervical spinal nerve 

segments innervate muscles of the upper body, such as the neck, arms, and 
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hands. The first seven cervical nerves exit above the same numbered cervical 

vertebrae, but the eighth cervical nerve exits between the seventh cervical and 

the first thoracic vertebrae. Thoracic spinal nerve segments mainly innervate 

muscles of the torso. Lumbar spinal nerve segments innervate the lower body, 

such as muscles of the lower back, legs, and feet. Sacral and coccygeal nerves 

also innervate muscles of the legs and feet as well as the genitalia.  

Spinal nerves carry somatosensory information and motor instructions out 

of the spinal cord. They leave the spinal cord and form a plexus of 

interconnected nerve roots and then branch to form nerve fibers.15 Afferent 

sensory fibers enter the spinal cord gray matter through the dorsal root, and their 

cell bodies are in the dorsal root ganglia. Efferent descending motor fibers’ cell 

bodies are in the ventral horn, and they exit from the ventral root. The dorsal and 

ventral roots meet, and afferent and efferent fibers are then enclosed together in 

a spinal nerve. The spinal nerve spans the area between the spinal cord and a 

particular body region. 

The body surface can be mapped with dermatomes (areas of the skin 

supplied by a single spinal nerve root), and myotomes (groups of muscles 

supplied by a single spinal nerve root).  Spinal nerves also carry autonomic fibers 

that supply internal organs. Sometimes pain from an organ creates pain in the 

same dermatome supplied by the same spinal nerve. An example of this referred 

pain is when a myocardial infarction may be felt in the arm.  

The American Spinal Injury Association International Standards for 

Neurological Classification of SCI (ISNSCI) Impairment Scale (AIS) is used to 
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grade the level and severity of a person’s motor and sensory neurological 

impairment following SCI. The ISNSCI is a standardized examination consisting 

of a myotomal-based motor examination, a dermatomal-based sensory 

examination, and an anorectal examination. The motor evaluation assesses the 

strength and function of specific muscles on both sides of the body through 

resistance and gravity. It identifies the lowest spinal segment with intact function. 

The sensory examination evaluates differing sensations (light touch with a cotton 

ball, then a pinprick) in specific dermatomes to determine the lowest spinal 

segment with intact sensation. The rectal exam tests sensation and the ability to 

squeeze the muscles in this area. If there is no muscle movement or sensation in 

this area, which is supplied by nerves from the sacral area of the spinal cord, the 

injury would be classified as “complete.” Based on the findings of these 

examinations, an injury severity or grade and level are assigned. 21 

Reflexes are “automatic responses to detectable change.”14 Some of 

these changes happen due to a typical reflex arc. Reflexes can be classified in 

several ways: spinal reflexes are integrated by the spinal cord, such as the 

withdrawal reflex, one example of which is quickly withdrawing one’s hand from a 

hot stove. Cranial reflexes are integrated by the brain stem or hypothalamus, 

such as pupils adjusting to light changes. Innate reflexes are unlearned 

responses, such as the aforementioned withdrawal and pupillary response. 

Conditioned reflexes are learned responses, such as salivating when food is 

detected. Somatic reflexes are between motor neurons and skeletal muscle - as 

in the withdrawal reflex. Autonomic reflexes are transported via the autonomic 
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nervous system to smooth muscle, cardiac muscle, or glands.14 Hormones 

and/or metabolites may also be involved in the “decision” of the unconscious 

response. The brain can also override a reflex such as voluntarily preventing 

micturition if the time is not convenient, or as when a diver, with practice, 

overrides a head straightening reflex to flip into a dive.14 This is an example of 

how “simple reflexes” can be quite complex. 

The cross-sectional anatomy of the spinal cord is composed of gray and 

white matter.1,2 The gray matter (an accumulation of neuronal cell bodies)11 is 

shaped like a butterfly and a different neuronal cell type is in each “horn” of the 

butterfly shape. Afferent neurons synapse onto interneurons in the dorsal horns. 

Interneurons are the intermediary neurons between afferent and efferent 

neurons.14  The cell bodies of somatic efferent neurons are in the ventral horns. 

The cell bodies of autonomic efferent neurons are in the lateral horns. In addition 

to the cell bodies, like in the brain, there are also dendrites and supportive glial 

cells in the gray matter. Spinal cord gray matter is highly vascularized, in contrast 

to the low density of capillaries in the white matter.13 

The white matter is composed of axon tracts and commissures, so named 

because of the color of the lipids in the myelin. It is separated into tracts of 

interneuron axons extending the length of the cord. Each tract transmits a certain 

type of information. Some are ascending tracts (cord to brain for sensory input), 

and some are descending tracts (brain to cord for motor output), generally 

named for their origin and termination. They travel ipsilaterally (same anatomical 

side) or contralaterally (opposite anatomical side), depending on the tract, 



9 

crossing at different levels of the CNS. This distinction helps to locate lesions or 

pathology according to which symptoms are present.1,2

Ascending tracts in the spinal cord carry sensory information in afferent 

pathways from the body to the brain. There are three types of ascending tracts: 

the dorsal column medial lemniscus (DCML), spinothalamic, and 

spinocerebellar.13 The DCML pathway transports information about vibration, 

proprioception, and fine touch. The dorsal columns are divided into two regions: 

fasciculus gracilis for information from below T6-T8; and fasciculus cuneatus for 

information from above T6-T8, but below the head.13 The cranial nerves transport 

information about the head. The spinothalamic tract has two components, often 

referred to collectively as the anterolateral system. The anterior spinothalamic 

tract carries information about crude touch and pressure, and the lateral 

spinothalamic tract carries information about pain and temperature.13 The 

spinocerebellar tracts transmit proprioceptive signals from the body to the brain. 

This information comes from the rate of muscle stretch from Golgi tendon organs 

and muscle spindle complexes. There are four different tracts, depending on 

whether the information comes from Golgi tendon organs, muscle spindle 

complexes, or from upper or lower limbs.11,14

Descending tracts carry motor information in efferent nerves from upper 

motor neurons of cortical structures. These tracts transmit this information to 

lower motor neurons, to move muscles. In each tract, there are two types of 

neurons. Upper motor neurons, brain and brainstem to the ventral horn of the 

spinal cord, and lower motor neurons, from the ventral horn of the spinal cord to 
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the peripheral muscles. Some motor tracts are under conscious control, and 

some are the site of unconscious reflexes. Motor tracts can be grouped 

functionally into pyramidal and extrapyramidal tracts.  

Pyramidal tracts are the site of conscious control of muscles from the 

cerebral cortex of the brain to the muscles of the body and face. Pyramidal tracts 

pass through the pyramids (located on the brain stem) and are either 

corticospinal (cortex to spine) or corticobulbar (cortex to head and neck). Most 

corticospinal tracts decussate, or cross, in the anterior medulla. These crossed 

fibers form the lateral corticospinal tract, while uncrossed fibers enter the anterior 

corticospinal tract. In the anterior corticospinal tract, the axons decussate at the 

level of the spinal cord in which they innervate. Both tracts then synapse with 

lower motor neurons on the same side. In contrast to the majority decussation of 

the corticospinal tracts, only 50% of the corticobulbar tracts decussate. 

Extrapyramidal tracts are the sites of unconscious control of muscles from the 

brainstem to postural muscles to control balance and locomotion. They do not 

pass through the pyramids. There are four extrapyramidal tracts: reticulospinal, 

vestibulospinal, rubrospinal, and tectospinal.  

The medial reticulospinal tract contributes to voluntary movements in 

response to stimulation of the reticular activating system which is in the brain 

stem. The lateral reticulospinal tract contributes to the inhibition of voluntary 

movements and reduces muscle tone. Two vestibulospinal tracts control anti-

gravity muscles via lower motor neurons. Both the medial and lateral 

vestibulospinal tract control ipsilateral postural and tone adjustments in response 



 

11 
 

to vestibular signals from the inner ear and cerebellum.13 The rubrospinal tracts 

supply upper limb and trunk flexors.13 Disinhibition of the rubrospinal tract leads 

to upper limb flexion. Inhibition of the rubrospinal tract leads to upper limb 

extension.13 The tectospinal tract is involved in reflexive responses to visual and 

auditory stimuli.11,14  

Interneurons are neither motor nor sensory, but relay information between 

the two, either through excitatory or inhibitory neurotransmitters. The efficacy of 

this translation is crucial. Most are in the gray column of the gray matter and are 

structurally complex and numerous with a wide variety of functions. Interneurons 

in the spinal cord can be broadly divided into local and propriospinal.  Local 

interneurons make short connections at the same vertebral level; propriospinal 

interneurons make long connections, different from the level of the cell body.13  

Interneurons are classified as either excitatory or inhibitory. The two most 

common neurotransmitters released from interneurons are GABA, the primary 

inhibitory neurotransmitter, and glutamate, the primary excitatory 

neurotransmitter. As of 2020, there have been 23 different types of interneurons 

identified in the spinal cord.22  

Autonomic Nervous System 

The human autonomic nervous system (ANS) innervates cardiac muscle, 

smooth muscle, adipose tissue, and most exocrine glands. Exocrine glands have 

a duct that secretes onto an epithelial surface; these include sweat, tears, bile, 

and lymph. The ANS also innervates endocrine glands. Endocrine glands are 

ductless glands that secrete right into the blood, for example the pituitary gland, 
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adrenal gland, and pancreas. Every autonomic nerve pathway from the CNS to 

an organ is a two-neuron chain: preganglionic and postganglionic. There are 

three subdivisions of the ANS, the sympathetic (SNS), parasympathetic (PNS), 

and enteric nervous system.  

The SNS is commonly known as the “fight or flight,”23 part of the ANS, and 

is engaged (when needs are beyond tonic) during emergency or stressful 

situations. The PNS is commonly known as the “rest and digest” nervous system. 

Both systems can excite and inhibit. In other words, even though the SNS is 

known as “fight or flight,” inhibition by the SNS can accompany or replace 

excitement by the PNS, as well as vice versa.11 The enteric nervous system 

governs the function of the gastrointestinal tract. It can function independently of 

the brain and spinal cord. It has many autonomous functions but communicates 

with the CNS via the PNS and SNS.2 Most organs are innervated by both SNS 

and PNS fibers, generally exerting opposite effects. A tonic level of activity, or 

tone, is usually occurring in both parts of the ANS. The balance shifts to meet 

specific demands.  

Some notable exceptions to dual innervation are most blood vessels and 

sweat glands. Most arterioles and veins are innervated, but only by the SNS. 

Arteries and capillaries are not innervated. The only blood vessels that are dually 

innervated are in the penis and clitoris. Sweat glands are only innervated by the 

SNS.11,14 Salivary glands are innervated by both the SNS and PNS, but they are 

not antagonistic. Both stimulate the secretion of saliva, but the composition and 

volume of the saliva are different: when the PNS is in charge, there is more 
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saliva to aid digestion. When the SNS is in charge, there is more amylase 

enzyme in the saliva — so that starch is broken down more quickly into sugars 

for emergency use. The blood vessels supplying the salivary glands are 

innervated by the SNS, causing vasoconstriction when needed. Salivary gland 

function is an example of a seemingly simple process of the ANS that is very 

intricate and subtle.  

Sympathetic preganglionic fibers originate in the thoracolumbar portion of 

the spinal cord, are very short, and use the neurotransmitter ACH. Most 

sympathetic postganglionic fibers are long and use the neurotransmitter NE, 

ending on the effector organs, and are known as adrenergic fibers.11,14 

Parasympathetic preganglionic fibers originate in the brainstem and sacral areas 

of the CNS. These fibers are long and terminate in postganglionic fibers in or 

near the effector organs. Preganglionic and postganglionic fibers of the PNS both 

use ACH as a neurotransmitter and are therefore called cholinergic. 11,14 There 

are a few exceptions to this general description. The sympathetic postganglionic 

fibers supply sweat glands and the periosteum in bones secretes ACH.24 Some 

non-adrenergic and non-cholinergic autonomic fibers release other 

neurotransmitters such as nitric oxide and ATP to some blood vessel smooth 

muscle. Some autonomic fibers release co-transmitters along with ACH and NE, 

such as dopamine, ATP, endogenous opioids, and others.11,14  

Afferent visceral information is usually unconscious, for example, 

baroreceptors monitoring BP or chemoreceptors monitoring carbon dioxide or 

potassium levels. However, the CNS does regulate autonomic output both 
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directly and indirectly. It begins with visceral afferents to the CNS, and 

sometimes an alternate route: CNS, visceral afferents, CNS again. For example, 

urination, defecation, and erection are integrated at the spinal cord level, but all 

these reflexes begin conscious control at higher cortical levels.  

The adrenal medulla is the outer portion of the adrenal gland and is a 

unique endocrine part of the SNS. The CNS stimulates preganglionic fibers to 

allow the adrenal medulla to secrete 20% NE and 80`% epinephrine hormones 

into the blood. NE and epinephrine are, along with dopamine and cortisol, the 

“catecholamines.”11,14 Catecholamines can serve as hormones, 

neurotransmitters, or both.10  

Each ANS neurotransmitter can go to several receptor types on the 

receiving tissue. Both ACH and NE stimulate activity in some tissues and inhibit 

activity in others. This is why ANS body responses (and pharmaceutical effects) 

depend on the receptors on and in the tissue, not only the neurotransmitter. 

There are two cholinergic receptors: nicotinic and muscarinic. Nicotinic receptors 

are found on all postganglionic autonomic cells and respond to ACH released 

from both SNS and PNS preganglionic fibers. Muscarinic receptors bind with 

ACH released from parasympathetic postganglionic fibers.11,14  

Adrenergic receptors are alpha 1 (most sympathetic tissue, usually 

excitatory), alpha 2 (digestive organs, usually inhibitory), beta 1 (heart, only 

excitatory), or beta 2 (arterioles and bronchioles, usually inhibitory). Both alpha 

receptors have more of an affinity for NE than epinephrine. B1 receptors have 
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approximately equal affinities for both, and B2 binds only with epinephrine.11,14 

Alpha-adrenergic receptors are an important part of the regulation of BP. 

Hemodynamics 

Hemodynamics are the forces or mechanisms involved in the circulation of 

blood, including BP and heart rate (HR).10 Hemodynamic homeostasis is 

primarily maintained by the following actions of the ANS: when BP veers from its 

set point, baroreflex stretch receptors in the carotid, aorta, heart, and lungs signal 

neurons in the brain stem which then modulate the firing of the sympathetic 

preganglionic neurons located alongside the spinal cord between T1 to L2 

vertebral segments. The sympathetic preganglionic neurons then send 

projections either to peripheral sympathetic ganglia that control the diameter of 

blood vessels (and consequently total peripheral resistance) or to the adrenal 

medulla to secrete catecholamines directly into the bloodstream. Endocrine 

signaling of the adrenal medulla can also begin in many areas of the cerebral 

cortex, traveling directly from the pituitary gland to the bloodstream,13 bypassing 

(or augmenting) sympathetic preganglionic neurons via the hypothalamic-

pituitary axis. The blood-brain barrier is much more permeable in the 

hypothalamus and the area lining the third and fourth ventricles of the brain.13 

The medulla in the brainstem is most directly responsible for autonomic output, 

but its response originates in the hypothalamus, which can also receive input 

from myriad other connections in the brain.  

The baroreflex signals to the brain stem also signal the vagus nerve, 

which, as its etymology indicates, “wanders” through the body affecting the heart, 
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but also the digestive tract and the abdominal viscera. The vagus nerve can 

serve as a “brake” allowing any needed sympathetic efferent activity to progress 

uninhibited. Visceral afferent signals all go to the nucleus solitarius in the 

brainstem,25 and many of the sympathetic signals then go on to the sympathetic 

preganglionic neurons, but they also go to other areas of the brain, for example, 

the locus coeruleus which produces NE as a neurotransmitter signaling the 

amygdala, the thalamus and the hypothalamic pituitary adrenal axis, eventually 

increasing or decreasing plasma cortisol.26  

Blood pressure is also adjusted by the renin-angiotensin aldosterone 

system (RAAS). RAAS contributes to BP regulation by changing plasma sodium 

concentration and extracellular fluid volume and has a role in regulating vascular 

tone. It is dependent on hormonal changes which induce genes to produce 

vasoactive proteins, beginning with renin release in the kidneys,  and ending with 

aldosterone. 27 

A reduction in BP causes the kidneys to release renin into the 

bloodstream where it converts angiotensinogen into angiotensin I, then an 

enzyme in the lungs, angiotensin-converting enzyme I produces angiotensin II 

which can act directly on blood vessels to constrict and increase BP. Angiotensin 

II then stimulates the release of aldosterone which causes the kidneys to retain 

salt and water, which increases the amount of fluid in the body. Angiotensin II 

also acts on the hypothalamus to increase thirst (to further increase fluids in the 

body), and produce vasopressin, which increases blood vessel constriction to 

raise BP.28  
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This classical RAAS pathway can also cause inflammation, an increase in 

cell stress, and insulin resistance.29 Conversely, angiotensin I, II, and aldosterone 

are eventually broken down and can become part of an alternate RAAS pathway 

that acts to lower BP, inflammation, and insulin resistance. These pathways work 

to balance systemic effects.29  

RAAS is considered slower acting than the baroreflex response to BP 

change, yet still plays a role in acute BP adjustments. 30Circulating renin 

increases in minutes after a sharp drop in BP.31 Sitting upright has been found to 

double plasma renin within 15 minutes.32 In an investigation of the role of RAAS 

after a initiating a social stress test,  investigators found the highest renin levels 1 

minute after the test and the highest renin levels 10 minutes after the stress 

test.33  

BP modification routes beyond the baroreflex are important to study in a 

population with altered SNS response such as people with SCI. Could people 

with SCI, due to homeostatic necessity, develop an alternate autonomic 

feedback route (or routes) with more cognitive and endocrine influence on BP 

than the NI “normal” route?  

Mind/Body Relationship 

The question of how the mind affects the body and vice versa has been 

debated for millennia,34 the details of which are beyond the scope of this 

dissertation.  Whether the philosophical viewpoint is Eastern or Western, the 

debate comes down to either dualism or monism.  Dualism maintains a 

separation between mind and body; a Western example is the viewpoint of Rene 
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Descartes,35 known for his quote, “I think therefore I am.” Descartes considered 

the capacity for thought in no way connected to the body. An Eastern example of 

dualism is the early yoga of Samkhya and Patanjali.36  This is the yoga of 

rejecting the body and all its attachments to obtain enlightenment.36  Monism’s 

Western and Eastern parallels would be the philosophies of both William James 

30 and Tantra,36 which contend that mind and body are of the same essence. 

Tantra sees everything as coming from a unified awareness, including all bodily 

functions, and would see the goal of transcending the body as pointless. Most 

modern philosophers of mind contend that mental processes will eventually be 

explained in physical terms as science continues to evolve, but philosophical 

nuances and questions to this view abound.37   

A classic early twentieth-century theory based on monism, proposed by 

William James and Carl Lang maintains that an experience of an emotion occurs 

AFTER a peripheral physiological response instead of the other way around. 

How the emotion is experienced depends on the interpretation of the 

physiological state.38 Porges,39 Thayer 40 and others later built on this theory, 

emphasizing the importance of interoception, or noticing inner body sensation as 

it happens. Paraphrasing Porges’ theory which elaborates on this concept: the 

better the HRV, the better the interoception and positive adaptations of the body, 

both cardiovascular and psychological.39 

Toward the end of the twentieth century, Thayer and Lane proposed the 

neurovisceral integration model,40 which suggests that neural networks in 

autonomic and cognitive self-regulation are also involved in the control of cardiac 
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autonomic activity.40 Recent updates to this model suggest both “top-down” and 

“bottom-up” modulation of both physiological and psychological processes can 

be integrated according to the needs of a person. In our study, we incorporated 

interoception and HRV measurement, and SCI-specific quality-of-life surveys.   

Spinal Cord Injury 

SCI is a devastating condition resulting in sensory, motor, and autonomic 

impairments which increase morbidity and hasten mortality. It changes myriad 

facets of life: physical, financial, social and psychological. Treatment can be 

prohibitively expensive and ongoing for the rest of the person’s life. According to 

the National Spinal Cord Injury Statistical Center (NSCISC), there are 

approximately 17,900 new cases each year and 296,000 people living with SCI in 

the United States.41,42 The estimated worldwide prevalence of people living with 

SCI is 20.6 million.43 The average age of injury has increased from 29 years 

during the 1970s to 43 since 2015. Seventy-eight percent of new cases are male, 

and 24% of injuries are to non-Hispanic black people, higher than the proportion 

of non-Hispanic black people in the United States, which is 13%. Motor vehicle 

accidents are the leading cause of injury, followed in order by falls, violence 

(most often gunshot wounds), sports, medical/surgical, and other causes.44 Acute 

care hospital stays have declined from 24 days in the 1970s to 11 days 

presently. Rehabilitation lengths of stay have also declined from 98 days in the 

1970s to 30 days. Incomplete tetraplegia (paralysis of the arms and legs) is the 

most frequent neurological category. The frequency of incomplete and complete 

paraplegia (paralysis of the lower half of the body) is about the same.44  
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Average yearly healthcare costs adjusted for the year 2022 are $429,348 

for an injury or loss of motor function at any level, to $1,315,554 for high 

tetraplegia in the first year. Each subsequent year average costs are $52,150 to 

$228,450, respectively.45 The average remaining years of life for persons with 

SCI have not improved since the 1980s and remain significantly below the life 

expectancies of people without SCI.45 

Since each tract of the spinal cord carries specific information, damage 

can interfere with some functions, while others remain intact. The location and 

extent of sensory and motor deficits, along with imaging, can determine the level 

and extent of the injury.11 Increasing focus on the secondary complications of 

dysautonomia in people with SCI has made The International Standards to 

Document Autonomic Function following SCI (ISAFSCI) recommended adjunct 

measurements to the ASIA Impairment Scale.46 The Autonomic Standards 

Assessment Form is used to “track the association between changes in ANS 

function correspondent with changes in the neurological level of injury and 

completeness of injury as classified by the ASIA Impairment Scale.”46  
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Figure 1: The ASIA Impairment Scale grades the level and severity of a person’s 
motor and sensory neurological impairment following SCI. 

  



22 

Figure 2: The Autonomic Standards Assessment Form tracks changes in 
autonomic function after SCI. 

Pressure ulcers, autonomic dysreflexia, and pneumonia/atelectasis are 

the most common long-term secondary medical complications after SCI.47 2015 

data indicates 30% of people with SCI are re-hospitalized one or more times 

following injury, with stays an average of 18 days. Diseases of the genitourinary 

system are the leading cause of re-hospitalization, followed by diseases of the 
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skin. Respiratory, digestive, circulatory, and musculoskeletal diseases are also 

common causes of hospitalization.44 

Historic causes of death according to NSCISC are pneumonia and 

septicemia. In the last two decades, cardiovascular and cerebrovascular 

diseases have increased as a leading cause of death in SCI.48,49 This is due to 

people with SCI having more risk factors for cardiovascular disease as well as 

advances in acute care for septicemia and pneumonia. These risk factors are 

physical inactivity, dyslipidemia, chronic inflammation, abnormal glycemic control, 

and BP irregularities.48  

Individuals with cervical or upper thoracic SCI often suffer debilitating 

secondary complications resulting from abnormal ANS activity. 50-53 Studies in 

humans 54 and animals 55,50 demonstrate that lesions on the cervical or upper 

thoracic segments of the spinal cord (i.e., T6 and above) result in damage to 

sympathetic preganglionic neurons, causing sole reliance on sympathetic activity 

below the level of the injury and autonomic dysfunction in multiple systems. 

Dysautonomia in SCI can cause multiple symptoms including autonomic 

dysreflexia,51 orthostatic and arterial hypotension, cardiac dysrhythmias,56 

bradycardia,57 difficulties with psychogenic sexual arousal,58 attenuated 

cardiovascular response to exercise, incontinence,59 chronic pain,60 

gastrointestinal disorders, and others. Recovery of normal autonomic 

cardiovascular function is most frequently ranked to be a higher priority than 

regaining motor function among people with SCI.61  
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After cervical or upper thoracic SCI, the above hemodynamic pathways 

are interrupted, reducing sympathetic tone below the injury and leaving the 

sympathetic preganglionic neurons exclusively controlled by spinal reflexes, 

which eventually become hyperresponsive.59 Parasympathetic outflow remains 

unopposed through the intact vagus nerve.59 This loss of central control of 

sympathetic preganglionic neurons results in both arterial and orthostatic 

hypotension via abolished compensatory vasoconstriction, especially in large 

vascular beds, like skeletal muscle and splanchnic region vessels, with 

concomitant reduced venous blood return.62 

Orthostatic hypotension is defined as a decrease in systolic BP of 

20 mmHg or more, or in diastolic BP of 10 mmHg or more,63 when sitting up from 

a lying down position. This can compromise blood flow to the brain and cause 

syncope, nausea, deficits in cognitive performance, fatigue, and an increased 

susceptibility to pressure ulcers due to reduced tissue perfusion.64 In able-bodied 

individuals, changing from supine to upright causes only slight changes in HR 

and BP,65 yet in people with SCI, particularly those with higher injuries, BP 

usually decreases and HR increases. 66 This hemodynamic response in people 

with SCI is due to the interruption of descending sympathetic vasomotor tracts. 67 

This changes both excitatory and inhibitory sympathetic control, reduces 

sympathetic tone below the injury, changes the morphology of the sympathetic 

neurons, alters plasticity in spinal circuits, and creates hyperresponsive alpha 

adrenoreceptors. 54,68 
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Hypotension is only one side of the unique hemodynamic dichotomy of 

people with SCI. The hyperexcitable state of spinal reflexes prevents baroreflex 

modulation of sympathetic preganglionic neurons, leading to the dangerous 

hypertension of autonomic dysreflexia, which occurs regularly in people with 

tetraplegia, accounting for 91% of motor complete cases (AIS A-B) and 27% of 

cases with motor incomplete SCI (AIS C-D).69 Autonomic dysreflexia continues 

unabated until an aggravating stimulus (e.g. bladder distension or pressure sore) 

is rectified.59 Autonomic dysreflexia often occurs multiple times a day with 

headaches and sweating symptoms, yet sometimes is asymptomatic.70,71 

In addition to maladaptive plasticity and hyperresponsive reflexes, 

peripheral changes contribute to impaired hemodynamics after SCI. Lower BP, 

lower catecholamines,72 and enhanced sensitivity of adrenergic receptors in 

peripheral vasculature impair myogenic activity in arterioles.73 In addition to 

hemodynamic detriments directly caused by sympathetic changes, other causes 

are hyponatremia and low plasma volume, cardiovascular deconditioning, and 

motor deficit leading to loss of skeletal muscle pumping activity.62 Non-

pharmaceutical options with varying degrees of efficacy for hypotension include 

exercise,74 electrical stimulation,75 abdominal compression,76 increasing fluid 

intake,77 and altering sleeping positions.78 There is an immediate need for 

effective non-invasive and non-pharmaceutical interventions to ease these 

myriad dysautonomic consequences in people with SCI.1,2 
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Biofeedback 

If someone takes their temperature or steps on a scale, they have 

engaged in biofeedback. As a therapy, however, biofeedback enables an 

individual to learn how to change physiological activity to improve health and 

performance. Brain waves, heart function, breathing, muscle activity, and skin 

temperature measurements “feed-back” information to the user. The presentation 

of this information along with changes in thinking, emotions, and behavior—

supports desired physiological changes. Ideally, these changes can continue 

without the ongoing use of an instrument.79 Therapeutic biofeedback is based on 

operant conditioning, in which a desired behavior is followed by a reward, thus 

reinforcing the behavior.10 

According to metanalyses by Tan et al,80 biofeedback in healthcare 

settings is efficacious for female urinary incontinence,81 anxiety,82 attention deficit 

hyperactivity disorder,83 chronic pain,84 adult constipation,85 hypertension,86 

motion sickness,87 Raynaud’s disease,88 and temporomandibular disorder.89 It 

has been found “probably efficacious” for alcoholism/substance abuse,90 

arthritis,91 diabetes,92 fecal incontinence,93 pediatric headaches,94 insomnia,95 

traumatic brain injury,96 male urinary incontinence,97 and vulvar vestibulitis.98  

Biofeedback research pioneer Neal Miller along with colleague John 

Dollard in the book Social Learning and Imitation 99 determined four 

fundamentals to successful “visceral learning” or learning by the ANS:  
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1. Drive: the person must want something 

2. Cue: a person must notice something 

3. Response: a person must do something 

4. Reward: a person must get something they want   

We have used all these parameters in our protocol design. Our participants want 

to succeed at moving their BP, they notice their interoceptive body sensation, 

they do something by using specific techniques, and they get rewarded with 

feedback. 

Spinal Cord Injury and Blood Pressure Biofeedback  

The literature on the effectiveness of biofeedback for BP improvement 

after SCI is scarce. 6,100,101 In a case study by Bernard Brucker in 1977, the 

participant successfully raised and lowered their BP and sustained the learned 

change, with an impressive mean increase of 48 mmHg in both systolic and 

diastolic BP.100 Interestingly, this participant used imagery (sexual or horse 

racing) at first in his training, but then let go of the images and just focused on 

raising BP.100 Ince conducted a study in two subjects with cervical SCI suffering 

postural hypotension, showing that biofeedback resulted in an increase in BP 

from hypotensive to normotensive rates, also with a sustained change.101 

After the above case studies, Brucker designed a larger BP biofeedback 

study for their doctoral dissertation entitled “Learned Voluntary Control of Systolic 

BP by Spinal Cord Injury Patients.” Ten participants ranged from C3 to T11 injury 

levels. Two suffered from orthostatic hypotension. Training consisted of 25 one-

hour sessions. Nine of the ten participants learned to make reliable and large 
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voluntary increases in BP and the two hypotensive participants were able to 

sustainably modify their BP to “completely overcome their postural hypotension.”6 

The effects of postural hypotension would return if the participants chose or were 

instructed not to control their BP. As previously discussed, hypertension 

modification through biofeedback has been found efficacious in NI participants, 

yet the changes were moderate.80 Brucker’s results indicate that not only can 

people with SCI learn to control their BP, but they also learn voluntary changes of 

larger magnitude than NI individuals. Brucker postulates, “One possible 

explanation for this could be the lack of normal homeostatic control…it is this 

lowered efficiency in regulation which may permit a large voluntary manipulation 

of an autonomic response to occur.”6 Interestingly, the only study found in a 

person without SCI in which large voluntary changes were learned was by a 

person who had suffered a stroke with brain stem damage.102 This damage may 

have affected the participant's BP regulation in ways similar to a cervical SCI.  

 In both Brucker studies, the author chose not to use breath modification, 

thinking it would mean a lack of “visceral learning,” since breathing changes can, 

on their own, modify BP.103-105 By using breathing exercises in our proposed 

study, we may be confounding mechanisms, but also increasing the variance in 

intervals between relaxation and stimulation, which, like the concept of high-

intensity interval training in exercise physiology, is more effective due to these 

oscillations.106 In addition to the BP raising and lowering capabilities of breathing, 

there may also be effects from intermittent hypoxia, shown to have many 

advantages in SCI.107 We must also keep in mind normal BP variability, and how 
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a dysfunction in baroreflex sensitivity can increase it.108 As complex as this 

subject tends to get, we must not forget that it is possible that a very simple tool 

like breathing could create a big difference in physiological parameters. In 

alignment with our goal of keeping the protocol simple and easy to learn, we 

chose to add VR. 

Virtual Reality 

Immersive VR uses a head-mounted device and full immersion into the 

360-degree virtual world. In neurorehabilitation settings, VR has been shown to

increase engagement and decrease treatment resistance.109 In our protocol, 

participants watched a set of three-minute videos, some relaxing (e.g., beach 

scenes, campfires), and some stimulating (e.g., sharks, horse races). The videos 

were consistent for all participants.  

The VR headset poses a non-significant risk of eye strain, headache, 

pallor, sweating, dryness of mouth, fullness of stomach, disorientation, vertigo, 

ataxia (not applicable in people with SCI), nausea, and vomiting.110 The risk of 

these VR-induced adverse symptoms and effects with our state-of-the-art 

commercial equipment with advanced visuals is very low. In a meta-analysis of 

VR studies and side effects, in the new generation of commercial VR head-

mounted displays there were “zero incidents of adverse symptomology and 

dropouts.”111 VR is effective for white-coat hypertension.112 No studies could be 

located for the attenuation of hypotension with VR, which indicates a research 

gap.  
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How VR works has a lot to do with how vision works. We see illusions all 

the time in daily life and piece them together and perceive them as real, moved 

from point to point by visual saccades, especially salient when visual and motor 

frames of reference are congruent.113 We investigated the difference between 

mental imagery and VR imagery in cardiovascular and hemodynamic response 

to determine the most effective choice to use in the remainder of the study. We 

hypothesized that VR imagery would be more effective at creating beneficial 

responses. This is because creating mental imagery requires concentrated focus 

and is more difficult to generate than visual perception (which includes VR).114  

VR may make this focus easier.115 

VR has been used in SCI rehabilitation to reduce pain116,117 and improve 

motor function.118 Eye tracking or voice activation can be used to control the VR 

experience, which would be especially beneficial for many people with SCI who 

have limited hand and arm function. It could increase independence if 

incorporated into future technology. Autonomic biofeedback with VR could offer a 

practical, fun, and safe tool that could improve and maintain healthier 

hemodynamic variables, minimize patient dependence on pharmacological 

interventions, and be incorporated into other neurorehabilitative therapies.  

Hypotheses and Specific Aims 

Overall Aim: To investigate the effects of autonomic biofeedback training on BP, 

HR, and quality of life in individuals with SCI. 

Specific Aim 1: To compare BP and HR response between mental imagery and 

VR imagery in 14 participants with SCI and 17 NI individuals. 
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Hypothesis 1.1: All participants will show higher MAP and HR during VR 

autonomic biofeedback training sessions compared to mental imagery training 

sessions during stimulation cycles and lower MAP and HR during relaxation 

cycles. 

Specific Aim 2: To investigate the effects of autonomic biofeedback training on 

BP and HR responses among individuals with cervical SCI. 

Hypothesis 2.1: Individuals with cervical SCI will show more normotensive 

systolic and diastolic BP in the head-up tilt test after eight sessions of autonomic 

biofeedback.           

Hypothesis 2.2: All participants will show higher HRV and baroreflex sensitivity 

during and after eight sessions of autonomic biofeedback.  

Hypothesis 2.3: Individuals with cervical SCI will show more variability in MAP 

than NI individuals during autonomic biofeedback training. 

Outcome Measurements: MAP, HR, and interbeat interval were all measured 

with Caretaker 4 (Charlottesville, Virginia, USA) continuous BP monitor. The 

interbeat interval was converted to HRV frequency and time domain analyses 

with Kubios HRV software (Varsitie 22, 70150 Kuopio, FINLAND). 

Specific Aim 3: To investigate the effects of autonomic biofeedback on self-

reported bowel and bladder management, anxiety, depression, interoception, 

pain, pressure ulcers, resilience, trauma, and autonomic reactivity in individuals 

with cervical SCI. 
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Hypothesis 3.1: Individuals with cervical SCI will show improved scores on the 

Tulsky Quality of Life for SCI combined with the Body Perception Questionnaire. 
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CHAPTER II 

RESEARCH DESIGN AND METHODS 

Protocol Design 

Our autonomic biofeedback study was inspired by NASA’s Autogenic 

Feedback Training Exercise (AFTE). AFTE is a combination of autogenic 

training,119 which uses cognitive imagery to control physiologic responses 119 

(e.g. “feel your hands getting warm and heavy”) and biofeedback.120 NASA 

astronaut training using this combination has shown greater efficacy and 

decreased learning time to control physical responses than using the modalities 

separately.121 People exposed to microgravity and people with SCI suffer similar 

secondary complications,122 including atrophy and fiber-type change in 

muscle,123,124 bone demineralization,125,126 cardiovascular,127,128 renal,129,130 

immune,131,132 sensory-motor changes133,134 and orthostatic intolerance.3,66 Up to 

67% of astronauts experience nausea, vomiting, loss of appetite, sleepiness, and 

lethargy of space motion sickness during the first three days of space flight, 

shortly after weightlessness occurs.4 The cause is multifactorial, involving 

components of fluid shifts from weightlessness, the sensory conflict between 

optical and vestibular input, and enteric nervous system changes.4 The ANS 

plays a significant role in the pathophysiology of this variant of motion sickness.4 

Cowings et al., in a 2000 study of AFTE with 33 NI men, reported fewer 

symptoms of nausea and orthostatic hypotension135 in addition to improved 
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HRV135 compared to their counterparts receiving the anti-nausea drug 

promethazine.121  

Our study was inspired by the pioneering work of Cowings’ et al 

successful use of AFTE to attenuate orthostatic hypotension.5 In our autonomic 

biofeedback protocol, we kept the oscillatory nature of the training cycles learned 

from a study of AFTE adapted for gastric motility disorders: relax then stimulate, 

back and forth.136 We kept the autogenic aspects, using cognitive imagery to 

imagine cold hands when trying to raise BP and imagining warm hands when 

trying to lower it. Then we added specific breathing techniques and VR, 

hypothesizing that the BP raising and lowering effects would increase. 

Participants received biofeedback via a verbal acknowledgment of BP changes.  

When designing the protocol for this autonomic biofeedback study, we 

looked at other factors that could change BP besides sympathetic-mediated 

vasoconstriction, which is limited in many people with SCI. With the shallow, fast-

breathing technique Kapalabhati,105 there is less activation of pulmonary stretch 

receptors, so likely less vagal influence, plus it varies intrathoracic pressure with 

the respiratory pump to increase BP.105 We chose a vibratory and extended 

exhale breath in the relaxation cycles to increase vagal stimulation, known as 

Brahmari.17,137 Kapalabhati and Brahmari are examples of yoga pranayama, 

which means “breath control.”36 

We also used imagery (VR and/or mental) — both stimulating and 

relaxing, hypothesizing that cognitive changes: inducing, and then mitigating 

stressful thoughts, would both increase and decrease BP. These oscillations 
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between stimulation and relaxation could “train” the baroreflex and perhaps 

create more normotensive autonomic responses to BP changes. This training 

also takes advantage of the unique nervous systems of people with SCI: since 

their tactile and proprioceptive inputs are reduced, they may rely more on visual 

cues for learning.138 

In addition to visual cues, we focused our interoception cues on the face. 

Carotid baroreceptor signals travel through the glossopharyngeal nerve to reach 

the nucleus solitarius.13 As previously discussed, many of the sympathetic 

baroreceptor signals then go on to the sympathetic preganglionic neurons, but 

they also go to other brain areas including the locus coeruleus which produces 

NE as a neurotransmitter signaling the amygdala, the thalamus and the 

hypothalamic pituitary adrenal axis, eventually increasing or decreasing plasma 

cortisol. The glossopharyngeal nerve provides motor, parasympathetic, and 

sensory information to the mouth and throat, as well as transporting baroreceptor 

signals from the carotid. These shared pathways are one of the reasons our 

interoception cues in the relaxation cycles are all focused on the face. The other 

reason we focus our interoception cues on the face is that the somatosensory 

area of the brain reorganizes following SCI. In animal studies, we have learned 

that since much of the body loses afferent stimulation post-injury, the face and 

head are represented more in the somatosensory cortex because the sensory 

and motor areas of the face and head, even in high injuries, remain active.139 

Perhaps having more somatosensory representation of the glossopharyngeal 

innervated face and head will increase downstream cognitive influences on BP.  
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The creation of a novel feedback loop through operant conditioning and 

biofeedback, altered baroreflex sensitivity, peripheral vascular hypersensitivity to 

catecholamines, somatosensory brain reorganization 140 and multiple avenues off 

the nucleus solitarius are all examples of why a focus on direct cortex to plasma 

catecholaminergic endocrine influence and the vagal “brake” may be of value. 

Using images, emotion, interoception and breathing capitalizes on this possible 

alternate route.  

Ethical Approval for Human Studies 

This study was formally approved by the University of Louisville 

Institutional Review Board (IRB: #20.0168) in compliance with all the institutional 

and federal regulations concerning the ethical use of human volunteers for 

research studies. 

Facilities/Resources 

The Novak Lab in the Health and Sport Sciences Department, Student 

Activities Center, Belknap Campus, University of Louisville, and a private exam 

room on the sixth floor of Frazier Rehabilitation Institute were the performance 

sites of this research project.  

Participants 

Individuals with chronic cervical SCI and NI individuals participated in this 

study. (One participant with a thoracic injury participated in the Aim 1 comparison 

of VR and mental imagery, all other participants with SCI sustained cervical 

injuries). NI subjects were included to evaluate normal baseline variables and to 

serve as a control group. All participants in the Aim 2 full training protocol were 



37 

involved in this study for approximately six weeks, including eight or nine training 

sessions, twice per week, a pre-training testing session, and a post-training 

testing session.   

Recruitment Procedures 

Individuals with SCI were referred by Dr. Camilo Castillo, Director of SCI 

Medicine and Fellowship Program, UofL Health Frazier Rehab Institute.  

Additionally, flyers for recruiting participants were placed in various locations at 

both the Belknap and the Health Science Center campuses at the University of 

Louisville. Once potential participants were identified, they were invited 

individually for an informational session. All participants were fully informed of the 

purposes, risks, and potential benefits of participation in the study during the 

informational session with one or more members of the research team. The 

participants signed an informed consent approved by the University of Louisville 

Institutional Review Board before entering the study. 

Inclusion/Exclusion Criteria 

Non-Injured Participants 

• Must not be taking any BP medication.

• Must be in stable medical condition without known cardiopulmonary

disease.

• Must be a non-smoker.

• Must be at least 18 years of age.
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Participants with Spinal Cord Injury 

• Must have a cervical or thoracic SCI. 

• Must be in stable medical condition without cardiopulmonary disease. 

• Must be a non-smoker.  

• Must be at least 18 years of age. 

*** Participants with SCI taking BP-modifying drugs were approved for 

participation by the supervising physician on a case-by-case basis. Out 

of the 14 participants with SCI, none were taking drugs to increase BP, 

and three discontinued hypertensive medication on training days with 

approval from the supervising physician. 

Equipment/Instruments Overview 

This facility was equipped with the Caretaker 4 (Charlottesville, VA, USA) 

which recorded continuous BP, HR, and interbeat interval via a 

pneumoplethysmographic finger cuff connected to a wrist-worn small monitor 

with an accompanying Samsung tablet. Also included in the lab were a VR 

immersive headset Meta Quest 2 (Meta Platforms, Menlo Park, California, USA), 

a Bailey Electric Tilt Table (Lodi, OH, USA), and a Hoyer Presence Heavy Duty 

Lift (Joerns Healthcare, Charlotte, NC, USA). HRV parameters derived from the 

interbeat interval were analyzed on Kubios HRV software (Varsitie 22, 70150 

Kuopio, FINLAND).  

In 2021 for our preliminary data collection and case study, detailed in 

Chapter III, we used an electrogastrogram connected to a four-channel recording 
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device:  Sandhill/Diversatek (Milwaukee, Wisconsin, USA) to measure gastric 

electrical activity and a Meda-Sonics photoplethysmograph model PPG-13 

(Mountain View, California, USA) to measure microvascular blood volume. After 

the case study, we did not use this equipment further, as it was not necessary to 

answer our Specific Aims.  

Immersive Virtual Reality 

The immersive VR headset was Meta Quest 2 (Meta Platforms, Menlo 

Park, California, USA). The headset was placed on each participant before 

beginning the training session and left on until the end of the training session. 

Stimulation and relaxation scenarios began and ended according to the cycle of 

training. A member of the research team controlled the timing of the scenarios 

via a synchronous laptop computer. The headset was thoroughly sanitized with 

alcohol wipes in between participants. 

Continuous Blood Pressure Monitor 

The Caretaker Continuous BP Monitor model 4 (Charlottesville, Virginia, 

USA) included a pneumoplethysmograph with a velcro strap on the second 

phalange of the left hand and connective tubing leading to the hemodynamic 

measurement unit, which rests on the wrist also with a Velcro strap, on the left 

hand. After determining BP from a manual BP sphygmomanometer and cuff, the 

hemodynamic measurement equipment was calibrated while synced to an 

accompanying Samsung tablet. The participant’s number and the number of the 

training session were entered into the tablet. All training events were recorded on 

the hemodynamic measurement equipment by pressing and holding the “HR” 



 

40 
 

box on the tablet, then entering Roman numerals that correspond to marked 

events. After the training session, a report was created with hemodynamic 

measurements including systolic BP, diastolic BP, MAP, HR, respiration rate and 

oxygen saturation level. Descriptive statistics of each measurement and an event 

log of the manually marked events during training were also included in the 

report. A detailed log accompanied every report, this included the interbeat 

interval. This data was automatically synced to the cloud storage service of the 

University of Louisville, Cardbox, every fifteen minutes. All data (including 

scanned training logs) were also saved on Ms. Torres’ desktop computer as well 

as a securely locked flash drive. 

Tilt Table  

Participants were assisted by two trained personnel to transfer to the 

Bailey Electric Tilt Table (Lodi, OH, USA) using either the Hoyer lift (Joerns 

Healthcare, Charlotte, NC, USA) or a sliding board, depending on injury level and 

the participant’s preferred transfer method. Wide Velcro straps connected to the 

tilt table secured the participant in three places: the chest, hips, and just above 

the knees with feet placed securely on the standing board at the end of the tilt 

table. The tilt table was only used for pre/post-testing and measurements were 

taken either supine or at a 45-degree tilt.  

Quality-of-Life and Interoception Surveys 

The Tulsky Quality-of-Life for SCI are individual instruments in short form, 

validated in the SCI population.7 We included questions about bowel and bladder 

management, anxiety, depression, pain, pressure ulcers, resilience, and trauma. 
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The Tulsky instruments were followed by the Body Perception Questionnaire 

short-form survey, validated in the NI population, to measure interoception and 

autonomic reactivity. The combined instruments were entered into a Qualtrics 

online format so that participants, many of whom have limited hand function, 

were able to “swipe” their answers. These surveys were administered before and 

after the full training protocol. 

Pre/Post Testing Overview 

Autonomic nervous system evaluations were performed before and after 

the eight or nine training sessions. These included baseline hemodynamic 

measurements, the Valsalva maneuver, head-up tilt testing, and paced deep 

breathing.  

Participants remained on the tilt table for the entirety of pre/post testing: 

either supine or at a 45-degree tilt during tilt testing. The Caretaker 4 continuous 

BP monitor was in use at all times during the testing. All pre/post-testing 

procedures were explained to the participant before beginning testing.  

Baseline Assessments 

For baseline measurements, the participant rested quietly on the tilt table, 

breathing normally for five minutes. Hemodynamic variables including HR and 

BP were recorded with the continuous BP monitor. 

Valsalva Maneuver 

 Cardiovagal baroreflex function was measured with the Valsalva 

maneuver. The Valsalva maneuver was performed using an analog respiratory 
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force pressure gauge with a one-way valve setup. It consisted of a T-shaped 

piece with 22-millimeter ends to which one-way valves were attached. Valsalva 

was measured during maximal expiratory effort starting from near total lung 

capacity. The pressure meter incorporated a 1.5-millimeter diameter leak to 

prevent glottic closure and to reduce buccal muscle contribution during 

measurements. The assessment required that a forceful expiratory effort be 

maintained for 15 seconds, reaching 40 mmHg (or as close as possible) on the 

pressure gauge. After a one-minute rest, the Valsalva maneuver was repeated.  

Tilt-Test 

For pre-testing, the tilt table was mechanically raised 45 degrees141 for 

three minutes. The participant remained quiet and breathed normally for this 

passive tilt test. After the passive tilt test, the tilt table was lowered flat and the 

participant became supine. Then, five-minute ending resting measurements were 

taken while the participant remained still and quiet on the tilt table. For post-

testing, the passive tilt test was done exactly as in pre-testing.  

Paced Deep Breathing 

HRV measurements were analyzed by entering the interbeat interval from the 

Caretaker telemetry device into Kubios HRV software during the five-minute rest 

periods before and after autonomic testing.  We also measured HRV through 

paced deep breathing during pre/post. Guided by the researcher, participants 

inspired for five seconds and expired for five seconds, for one minute. This is 

known as coherent breathing, which optimizes HRV.142 The researcher used a 

stopwatch to count, and guide participants’ inspiration and expiration with the 
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researcher’s hand and arm, going up for five seconds, then down for five 

seconds. The researcher said “inhale” and “exhale” while her arm moved. The 

participant knew to synchronize their breath to the researcher’s hand and arm 

movement, due to procedural explanations to the participant upon arriving at the 

lab for pre/post testing. 

Modified Autogenic Feedback Training Overview 

For the full training protocol, each participant received eight or nine 

individual sessions of autonomic biofeedback and two pre/post sessions within 

six weeks (scheduled twice a week). Each session lasted approximately 60 

minutes. The relaxation/stimulation imagery was viewed through the state-of-the-

art advanced commercial VR head-mounted display Meta Quest 2. Participants 

began training with mental imagery and the remaining sessions were with VR 

imagery. For the VR sessions, participants viewed four different stimulation 

scenarios and four different relaxation scenarios. HR, BP (including systolic BP, 

diastolic BP, MAP), and interbeat interval were measured and recorded with the 

Caretaker 4 (Charlottesville, VA, USA).  

The SCI participants remained seated in their wheelchairs during training. 

NI participants were seated in a chair with their feet on the ground and knees 

flexed at 90 degrees. After achieving a five-minute quiet baseline, HR and BP 

were recorded, followed by eight three-minute cycles alternating between 

relaxation and stimulation. For the relaxation cycles, the participant completed 

breathing and imagery exercises to help facilitate relaxation. The relaxing 

exercises included slow deep breathing with a full expiration (inspiring to a count 
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of 4 and expiring to a count of at least 6 making the “mmm” sound, known as 

Brahmari). This continued for 30 seconds, and then the participants were guided 

to focus their attention on interoceptive (inner) body sensation and then relaxing 

VR imagery. Next, they were guided to use stimulating imagery and Kapalabhati 

breathing during arousal trials. With this breath, the participant inspired and 

expired ten quick, shallow breaths through the nose with a regular breath in 

between, three times, then focused on stimulating imagery as well as 

interoceptive body sensation. After the eight cycles, the second rest period of five 

minutes was recorded. Participants were guided step by step throughout the 

training session by the researcher. 

The participants were given BP goals for relaxation and stimulation: five 

MAP points below and five above the number recorded at the beginning of the 

cycle, respectively. Verbal acknowledgment of success in attaining these goals 

served as auditory biofeedback, allowing the participants to close their eyes and 

concentrate on the imagery and interoception of the body. 

Two researchers recorded data during training. One researcher labeled 

event markers on the hemodynamic recording equipment, and the other 

researcher kept handwritten records of real time events.  The beginning and end 

times of each cycle were recorded in milliseconds on the hemodynamic recording 

equipment.  The marked events were then visible on a report of each session 

created by the system’s software. The training data file was then labeled by the 

researcher with the beginning and end times of the cycles from the information in 
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the report and included HR, systolic BP, diastolic BP, MAP, and interbeat 

interval.  

During training, a second researcher observed the wrist monitor of the 

hemodynamic recording equipment for MAP changes and recorded them on a 

written record for each training session. The wrist monitor showed HR, MAP, 

Systolic BP, and Diastolic BP approximately every second. Mean arterial 

pressure was chosen as the “goal” for two reasons: first, it shows a combination 

of systolic and diastolic pressures with the formula (MAP = Diastolic BP + 1/3 

(Systolic BP-Diastolic BP), and also because in order to verbally let the 

participant know if they met their goals, only one number could be accurately 

monitored at a time. 

The hemodynamic recording equipment sampled at a default rate of 500 

hertz. The number of vital signs reported in the training data file depended on the 

HR of the participant. For example, if the participant’s HR was 60 beats per 

minute, the hemodynamic recording equipment recorded in the data file vital 

signs every second, similar to what was observed on the wrist monitor. If the HR 

was faster than 60 beats per minute, more recordings per second were recorded. 

This is why each training cycle data file was labeled with the beginning and end 

times, then means, maxima and minima calculated from that. Each three-minute 

cycle had approximately 180-360 data points. The handwritten recordings were 

used to confirm the highest MAP in stimulation cycles, and the lowest MAP in 

relaxation cycles. This data was then used to confirm how many cycles were 

“successful” (increase or decrease of at least 5 mmHg) in stimulation and 
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relaxation cycles respectively, as well as calculations of means during rest 

periods and training. 

Pre-Training Informational Session (all verbal cues are in italics) 

Explanation: “The relaxation cycles are designed to lower your BP and the 

stimulation cycles are designed to increase your BP. We will continuously 

monitor you for safety and stop the training if your BP gets into unsafe numbers” 

(systolic BP over 180 or under 80). “We also have a physician on call at all times 

during every training session.” Participants with SCI were required by the 

supervising physician to bring a prophylactic prescription for topical nitroglycerin 

to each training session and pre/post-testing. All research staff were 

knowledgeable about autonomic dysreflexia and orthostatic intolerance.  

Explanation: “All feelings are allowed and perfect just as they are.” 

Reason for Explanation: During self-generated mental stimulating sessions 

participants might recall an intense memory, perhaps even a trauma. While we 

never want to retraumatize, allowing all mental imagery takes judgment out of the 

picture. The social cognitive theory of self-regulation 143 on which cognitive 

processing therapy is based, 144 helps the limbic system engage, but not 

overwhelm. 145 Accepting all feelings without shame or judgment allows 

recognition of interoceptive physiological sensation (either relaxing or stimulating) 

as it begins, to potentially avoid anxiety or anger and consequent detrimental 

choices in life. 39 Also, sometimes the stimulating imagery may be sexual, and we 

want to reduce the possibility of a participant feeling shame. Allowing all feelings 

could encourage a participant to look at a memory more objectively, disengage it 
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from limbic associations, and see it as a thing that happened to them, not as 

something that defines them.143 This could be very important for people with SCI, 

since even “non-traumatic” SCI may not be medically defined as “trauma”, but 

the total life change that ensues is inherently traumatic. Physiologically we are 

going “back and forth,” theorizing that the response of the baroreflex and 

arterioles is adapting for cardiovascular improvements, but also, we are going 

“back and forth” psychologically, which could have emotion regulation 

benefits.146,145 In other words, the next time aggravating imagery comes up in 

“real life,” the participant could know how it feels physically, and could quickly 

acknowledge it, then intentionally move on to more relaxing physiological 

parameters to “respond” rather than “react.” This bidirectional cognitive oscillation 

is known as “working with opposites” in some yoga traditions.147  

Explanation: “You know how when you think of biting into a lemon your mouth 

waters? Or do you get embarrassed and you blush? These are examples of your 

thoughts affecting your physical body. That is exactly what we are doing in this 

study, except instead of those examples, you will try to move your BP with your 

thoughts, or what you see on a VR screen, and with your breathing.”  

Reason for Explanation: Participants must believe they can do this and have 

simple examples to explain the concept. 

Explanation: “Allow” your hands to be warm like it is their natural state and 

“make” your hands cold by picturing them in ice water, or whatever cold image 

works for you.” 
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Reason for Explanation: Autogenic training (which inspired our protocol) 

describes passive concentration as “allowing” warmth vs active concentration as 

“making” hands cold.148,119 

Explanation: “During the body sensing cues, for example, I will guide you to 

move your attention to the space between the eyes, then the scalp, jaw, space 

between the lips, and the shoulders. You don’t have to change or do anything, 

just be curious about and notice the area.” “After you have been in your imagery 

for a while, I will say ‘Notice how your body feels.’ You can still be in your 

imagery, just take a brief pause to notice — it could be your whole body or just a 

part. You may feel a contraction in the stimulating part and a melting opening in 

the relaxing part, whatever and wherever you feel, your way is the right way.” 

Reason for Explanation: This is modeled on Richard Miller’s iRest post-

traumatic stress therapy protocol 149 noticing body sensation as a way to focus 

the mind and move away from the ruminating default mode brain network (all the 

thoughts evolutionarily developed to protect us, which are mostly “worries”).150  

Explanation: “When I say, ‘Use your senses to experience it’, I don’t mean all at 

the same time, maybe just notice, what you see, then smell, then touch, then 

hear. You don’t have to do each sense every cycle but do be sure to include 

senses other than what you see. Your way is the right way.” 

Reason for Explanation: “Using your senses” could be confusing or stressful to 

understand. Also, this kind of mental focus can be very challenging at first. It is 

important to make the participants feel confident that their way is the right way. 
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Explanation: (for individuals with SCI): “When I say, “make your hands cold” or 

“allow your hands to be warm” you may have little or no sensation there, just use 

your imagination. Same with pulling the belly in on the fast breathing, that may 

not work so well for you. Again, imagine it. Even if you just imagine it, the muscle 

fires.” 151 

Reason for Explanation: It is important to respect the possibility of atypical 

sensations in individuals with SCI. 

Table 1 below details the timing of the training cycles. 

3-minute relaxation cycle 3-minute stimulation cycle

00:00-00:30 relaxation breathing: 
“Inhale for 4 and ‘mmm’ out for at 
least 6, long exhale” 

00:00-00:30 stimulation breathing: 
“Now the mosquito out of the nose 
breath” “soft belly 1 and” (breathe 
together) “relax. inhale. exhale, inhale, 
and” (3 sets of 10) 

00:30-01:00 interoception: “Notice the 
distance between your eyes, space 
between the lips, scalp, jaw, 
shoulders.” 

00:30-01:00: interoception: “Notice 
how your body feels.”  

01:00-02:30 relaxing imagery: “Now 
go to your relaxing imagery. Use your 
senses to experience it.”  

01:00-02:30 stimulating imagery: 
“Now go to your stimulating imagery. 
Use your senses to experience it.”  

02:30-3:00 autogenics: “Allow your 
hands to be warm and heavy.” 

02:30-03:00 autogenics: "Make your 
hands cold.” 

3:00 verbal feedback: “You met your 
BP goal” or “You did not meet your BP 
goal, but you are doing the training 
perfectly.” 

3:00 verbal feedback: “You met your 
BP goal” or “You did not meet your BP 
goal, but you are doing the training 
perfectly.” 
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Table 1: Stimulation and relaxation training cycle details (verbal instructions in 
italics) 

Breathing Exercise Details 

Type of Breath: Brahmari (in for 4, out for 6 with “mmm” sound) 

Number of Breaths at a Time: 3 

Duration: approx. 30 seconds 

Frequency: four times, once at the beginning of each relaxation cycle 

Effects of Breath on Nervous System:  decreases BP 103,104 

Verbal Explanation to Participant: “We will call this breath the “mmm” breath. 

This breath is to lower your BP. Inhale through your nose gently for 4 counts into 

your belly, do not take a giant breath, just almost effortless: like a bun rising in an 

oven. Gently cap off the breath, don’t push down. Exhale a semi-loud and low 

“mmmm” (It will take approximately 6 counts for a full yet not forceful exhale but 

take all the time you need to exhale). 

Demonstrate it. Practice it together. 

Type of Breath: Kapalabhati (fast, “bellows” breath) 

Number of Breaths at a Time: ten, three times  

Duration: thirty seconds 

Frequency: five times, once at the beginning of each stimulation cycle 

Effects of Breath on the Nervous System:  increases BP 105 
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Verbal Explanation to Participant: “This is a breath to increase BP. We will do 

three rounds of breathing, and I will do it with you.  First, take a quick, gentle one-

count soft belly inhale. Keeping your hand on your belly can help but it is 

optional. Another word for this breath is “bellows” breath, so it’s not a deep inhale 

and a slow, choppy exhale. You do inhale during the fast ten belly breaths but 

focus on the exhale and the inhale will happen by itself. I will say, “Soft belly 

one,” then breathe the ten breaths with you. Then “relax, inhale, exhale, inhale, 

and” (these are not full breaths, just quick ones - having a slower breath in 

between the ten fast ones is to increase safety) we do three sets of the ten 

breaths. We call this one the “mosquito out of the nose” breath because that 

makes it easier to understand.” Demonstrate it. Practice it together. 

Heart Rate Variability Measurements 

How to get a PDF report from Kubios standard software:  

1. Download secondary vitals in the hemodynamic measurement unit’s log (this 

has the interbeat interval column in it) in CSV UTF file format. 

2. Open each column separately in Kubios standard software as a custom ASCII 

file.  

3. Check “none” in the time index column.  

4. Import and save the data in cloud storage and encrypted computers. 

We measured HRV during five-minute baselines and paced deep breathing. 

SDNN is the standard deviation of normal-to-normal beats and represents the 

time between heartbeats. Frequency spectra represent the amplitude of the 
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heartbeats. The three different frequency measurements we used represent 

mechanisms of HRV changes. We used the natural log version of the frequency 

measurements because it approximates the normal distribution of data due to our 

low sample size. High frequency HRV (HF), represents vagal contributions to 

HRV.152 Low frequency (LF) measurements represent baroreflex sensitivity,153 

and very low-frequency measurements (VLF) represent changes made via the 

renin-angiotensin-aldosterone (RAAS) system.154-156 

Statistical Analysis 

All measured outcomes: systolic BP, diastolic BP, MAP, HR, and HRV 

measured in the standard deviation of normal-to-normal beats (SDNN), HRV 

measured in (HF), (LF), and (VLF) were summarized with means and standard 

deviations, minima, and maxima. Summary statistics were calculated by the 

study group (cervical SCI and NI). Outcome data were also summarized 

graphically with boxplots for univariate data and scatterplots for bivariate data. All 

hypothesis tests were conducted at the 0.05 level, and all analyses were 

conducted using the open-source R software environment (R: A Language and 

Environment for Statistical Computing, R Foundation for Statistical Computing, 

Vienna, Austria, v 4.3.2).  
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CHAPTER III 

CASE REPORT:1 AUTOGENIC BIOFEEDBACK TRAINING       
IMPROVES AUTONOMIC RESPONSES IN A PARTICIPANT WITH 

CERVICAL MOTOR COMPLETE SPINAL CORD INJURY157 

Introduction 

The autonomic nervous system innervates smooth, cardiac, and skeletal 

muscle, secretory glands, and metabolic and immune cells to regulate 

homeostasis in essential physiological activities such as digestion, respiration, 

cardiovascular function, and some endocrine functions. 13 Neurons in the brain 

stem modulate the firing of the sympathetic preganglionic neurons located 

alongside the spinal cord between T1 to L2 vertebral segments. 13,67 The 

sympathetic preganglionic neurons then send projections either to peripheral 

sympathetic ganglia that control the diameter of blood vessels or to the adrenal 

medulla to secrete catecholamines directly into the bloodstream.13 These two 

actions are the primary modulators of blood vessel diameter and total peripheral 

resistance, regulating hemodynamic homeostasis. 13,158 In addition to the central 

and peripheral nervous systems, the enteric nervous system regulates digestive 

function.159 The intrinsic nerve plexuses, the submucosal plexus, and the 

myenteric plexus are the two major nerve fiber networks that innervate the 

digestive tract, and together they are termed the enteric nervous system. 

1 Reprinted with Permission from Publisher 
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Individuals with cervical or upper thoracic SCI often suffer debilitating secondary 

complications resulting from aberrant autonomic nervous system activity,50-53 and 

have disruptions in enteric nervous system activity.52 Studies in humans54 and 

animals54,55 demonstrate that lesions on the cervical or upper thoracic segments 

of the spinal cord (i.e., T6 and above) result in damage to sympathetic 

preganglionic neurons, causing sole reliance on sympathetic activity below the 

level of the injury, causing autonomic dysfunction in multiple systems. 

Dysautonomia in SCI can cause multiple symptoms, including autonomic 

dysreflexia,51 orthostatic and arterial hypotension,56 cardiac dysrhythmias, 

bradycardia,57 difficulties with psychogenic sexual arousal,58 attenuated 

cardiovascular response to exercise, incontinence,59 and chronic pain.60 

Additionally, gastrointestinal160 and cardiopulmonary disorders161-163 are among 

the most prevalent sequelae after SCI. It has been documented that SCI 

interrupts descending pathways to the lumbosacral neurons that control colonic 

motility, defecation164-167, and upper gastrointestinal dysmotility.168 Recovery of 

normal autonomic cardiovascular function is most frequently ranked to be a 

higher priority than regaining motor function among people with SCI.61  

After cervical or upper thoracic SCI, the above pathways are interrupted, 

reducing sympathetic tone below the injury and leaving the sympathetic 

preganglionic neurons exclusively controlled by spinal reflexes, which eventually 

become hyperresponsive.59 Parasympathetic outflow remains unopposed 

through the intact vagus nerve.59 This loss of central control of sympathetic 

preganglionic neurons results in both arterial and orthostatic hypotension via 
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abolished compensatory vasoconstriction, especially in large vascular beds, like 

skeletal muscle and splanchnic region vessels, with concomitant reduced venous 

blood return.62 Orthostatic hypotension is defined as a decrease in systolic blood 

pressure of 20 millimeters of mercury or more or diastolic blood pressure of 10 

millimeters of mercury or more63 when sitting up from a lying down position, 

which can compromise blood flow to the brain and cause syncope, nausea, 

deficits in cognitive performance, fatigue, and increased susceptibility to pressure 

ulcers due to reduced tissue perfusion.64 In able-bodied individuals, changing 

from supine to upright causes only slight changes in heart rate and blood 

pressure.66 In people with SCI, particularly with higher injuries, blood pressure 

usually decreases and heart rate increases.66  

This opposite response is due to the interruption of descending 

sympathetic vasomotor tracts.67 This changes both excitatory and inhibitory 

sympathetic control, reduces sympathetic tone below the injury, changes the 

morphology of the sympathetic neurons, alters plasticity in spinal circuits, and 

creates hyper-responsive alpha adrenoreceptors.54,68  

Hypotension is only one side of the unique hemodynamic dichotomy of 

people with SCI. The hyperexcitable state of spinal reflexes prevents baroreflex 

modulation of sympathetic preganglionic neurons, leading to the dangerous 

hypertension of autonomic dysreflexia, which occurs regularly in people with 

tetraplegia, accounting for ninety-one percent (91%) of motor complete cases 

AIS A-B and among twenty-seven percent (27%) of cases with SCI motor 

incomplete SCI AIS C-D.69 Autonomic dysreflexia continues unabated until an 
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aggravating stimulus (e.g. bladder distension or pressure sore) is removed.59 

Autonomic dysreflexia often occurs multiple times a day with headaches and 

sweating symptoms, yet sometimes without symptoms.70  

In addition to maladaptive plasticity and hyperresponsive reflexes, 

peripheral changes impair hemodynamics after SCI. Lower blood pressure, lower 

catecholamines,169 and enhanced sensitivity of adrenergic receptors in peripheral 

vasculature impair myogenic activity in arterioles.73 In addition to hemodynamic 

detriments directly caused by sympathetic changes, other causes are 

hyponatremia and low plasma volume, cardiovascular deconditioning, and motor 

deficit leading to loss of skeletal muscle pumping activity.62 There is a need for 

effective non-invasive and non-pharmaceutical interventions to ease these 

myriad dysautonomic consequences in people with SCI.170  

Autogenic Feedback Training Exercise (AFTE) combines autogenic 

therapy, which uses cognitive imagery to control physiologic responses119, and 

biofeedback which provides visual and/or auditory feedback of responses to 

stress (e.g. HR).120 This combination has shown greater efficacy and decreased 

learning time to control physical responses than using the modalities 

separately.121 Space motion sickness has been an identified ailment beginning 

with the early Apollo space flights through the Space Shuttle program.4 Up to 

sixty-seven percent (67%) of astronauts experience nausea, vomiting, loss of 

appetite, sleepiness, and lethargy of space motion sickness during the first three 

days of space flight, shortly after weightlessness occurs.4 The cause is 

multifactorial, involving components of fluid shifts from weightlessness, a sensory 
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conflict between optical and vestibular input, and enteric nervous system 

changes.4 The autonomic nervous system plays a significant role in the 

pathophysiology of this variant of motion sickness.4 The primary feature is an 

activation of the sympathetic nervous system and withdrawal of the 

parasympathetic nervous system, as well as changes in the myoelectric and 

mechanical activity of the stomach.171,172  

Cowings et al. in a 2000 study of AFTE with 33 NI men, reported fewer 

symptoms of nausea and orthostatic hypotension and improved HRV 173 

compared to their counterparts receiving promethazine treatment.121 AFTE has 

also been used successfully to modulate autonomic and enteric responses in 

patients with gastrointestinal motility disorders.136,174 We present a proof of 

concept study to determine if AFTE could be an effective and non-invasive 

alternative to improve autonomic responses in people with SCI. 

Materials and Methods 

Participants 

A convenience sample of two participants was used in this proof-of-

concept study. The participant with SCI was a 34-year-old female, two years 

post-injury, chronic cervical sensory and motor complete (C5/6, ASIA A) height 

165 cm, and body weight 77 kg. Clinical characteristics included spastic 

paralysis, impaired sweating below the injury, depression, and lower extremity 

edema. She had a colostomy and a Mitrofanoff’s procedure. Her daily 

medications included Midodrine five milligrams for hypotension, Gabapentin 300 

mg for neuralgia, and Trazodone and Escitalopram 50 and 20 mg, respectively 
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for depression. The NI participant was a normotensive 52-year-old male, with a 

height of 163 cm, and a body weight of 81 kg. 

Equipment 

HR and BP were recorded using a Dinamap monitor model 8100; 

(Critikon, Inc. Tampa, Florida, USA). Microvascular blood volume was monitored 

in the middle finger of the left hand using an infrared light-emitting diode probe 

connected to a Meda-Sonics photoplethysmograph model PPG-13 (Mountain 

View, California, USA). Gastric electrical activity was monitored via an 

electrogastrogram which measures gastric myoelectrical activity via three 

electrodes attached to the skin along the gastric border.175 Transmitted electrical 

impulses were then detected and recorded using a four-channel recording device 

Sandhill/Diversatek (Milwaukee, Wisconsin, USA). Changes in BP, HR, gastric 

electrical activity, respiratory rate, and microvascular blood volume were 

measured during training. 

Modified Autogenic Feedback Training 

The SCI participant remained seated in her wheelchair during training. 

The NI participant remained seated in a comfortable chair with his feet on the 

ground and knees flexed at 90 degrees. After achieving a stable five-minute 

baseline, HR and BP were recorded, followed by thirty minutes divided into five 

cycles alternating both relaxation and stimulation. For the relaxation cycles, the 

participant was instructed to complete breathing and imagery exercises to help 

facilitate relaxation. The relaxing exercises included slow deep breathing with a 

full exhale (inhaling to a count of four and exhaling to a count of six), continuing 



 

59 
 

for 30 seconds, and then focusing attention on interoceptive body sensation and 

relaxing imagery. Then they were instructed to use stimulating imagery and 

kapalabhati breathing during arousal trials. Kapalabhati breathing is a yoga 

breathing technique that involves fast, shallow abdominal respiratory movements 

and has been shown to modulate cardiovascular responses in NI individuals.105 

With this breath, the participant exhaled and inhaled ten quick, shallow breaths 

through the nose with a regular breath in between, three times, focused on 

aggravating imagery as well as an interoceptive body sensation. Each cycle 

consisted of a three-minute interval of relaxation followed by three minutes of 

stimulation. After the five cycles, the second baseline of five minutes was 

recorded. 

The participants were given HR goals for relaxation and stimulation: Five 

beats per minute below and five above baselines recorded at the beginning of 

the session, respectively. Verbal acknowledgment of success in attaining these 

goals served as auditory biofeedback to allow the participants to close their eyes 

and concentrate on the body’s imagery and interoception. Blood pressure 

feedback was also given but without specific numeric goals. 

Statistical Methods  

All measured outcomes: systolic BP, diastolic BP, MAP, and HR were 

summarized with means and standard deviations, minima, maxima, and 

percentage of change. Summary statistics were calculated by the study group 

(one participant with cervical SCI and one NI participant). Outcome data were 

also summarized graphically with boxplots for univariate and bivariate data.  
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Results 

Microvascular Blood Volume 

Figure 3 shows that the participant with SCI’s microvascular blood volume 

in the finger decreased a mean of 23% across eight cycles while Fig. 4 shows 

the NI participant’s decreased a mean of 54% from the beginning to the end of 

the stimulation cycles in each of eight trainings. 

Figure 3: Case study participant with SCI’s microvascular blood volume in the 
finger, measured with photoplethysmography, decreased by a mean of 23% from 
relaxation cycles to stimulation cycles. The box represents the interquartile 
range, the lines extending up and down away from the box end in maxima and 
minima respectively. The line in the center of the box is the median, and the “x” 
denotes the mean.  
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Figure 4: NI participant's microvascular blood volume in the finger, measured 
with photoplethysmography, decreased by a mean of 54% from relaxation cycles 
to stimulation cycles. 

Figure 5: Participant with SCI’s microvascular blood volume in the finger 
decreased and decreased variability in the five-minute rest periods before and 
after each of the eight trainings. 



62 

Figure 6: NI participant's microvascular blood volume in the finger decreased in 
the five-minute rest periods before and after each of the eight trainings. 

Gastric Electrical Activity 

Changes in gastric electrical activity were found in the participant with SCI 

but not in the NI participant.  

Figure 7: In the five-minute rest periods before and after each training, the 
participant with SCI’s gastric electrical activity, measured via electrogastrogram, 
decreased and decreased variability, becoming progressively closer to the 
normal range of three cycles per minute. 
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Figure 8: In the five-minute rest periods before and after each training, the NI 
participant showed no change in gastric electrical activity, measured via 
electrogastrogram. 

Heart Rate 

Figure 9 shows that the participant with SCI’s baseline HR decreased, and 

the NI participant’s HR also decreased (Figure 10).  

Figure 9: The participant with SCI's baseline HR decreased in the five-minute 
rest periods before and after each of the eight trainings. 
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Figure 10: The NI participant's baseline HR decreased in the five-minute rest 
periods before and after each of the eight trainings. 

 

Mean Arterial Pressure 

In Fig. 11, the participant with SCI’s MAP increased and decreased 

variability while the NI participant showed no change (Figure 12).  

 
 
Figure 11: The participant with SCI's baseline MAP increased and decreased 
variability in the five-minute rest periods before and after each of the eight 
trainings. 
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Figure 12: The NI participant's MAP showed no change in the five-minute rest 
periods before and after each of the eight trainings. 

Discussion 

The literature on BP, biofeedback, and SCI is scarce.100,101 In one case 

study from 1977 the participant successfully raised and lowered his BP and 

sustained the learned change.100 Ince conducted a study on two participants with 

SCI suffering postural hypotension, showing that biofeedback increased BP from 

hypotensive to normotensive rates, also with a sustained change.101 The 

possibility of a practical, safe tool that could improve and maintain healthier 

hemodynamic variables could minimize patient dependence on pharmacological 

interventions and decrease adverse physiological events. 

When designing this protocol, we looked at other factors that could 

change blood pressure besides sympathetic-mediated vasoconstriction, such as 

breathing. With our fast-breathing technique kaphalabhati,105 there is less 

activation of pulmonary stretch receptors, so less vagal influence, plus it varies 

intrathoracic pressure with the respiratory pump to increase blood pressure105 
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through baroreflex modulation. We chose an extended exhale breath in the 

relaxation cycles to increase vagal stimulation. 

We also used both stimulating and relaxing imagery, hypothesizing that 

cognitive changes, inducing and then mitigating stressful thoughts, would 

increase and decrease BP. These oscillations between stimulation and relaxation 

could “train” the baroreflex and create more normotensive autonomic responses 

to BP changes. This training also takes advantage of the unique nervous 

systems of people with SCI: since their tactile and proprioceptive inputs are 

reduced, they may rely more on visual cues for learning.138  

One of the possible mechanisms that could explain the volitionally 

increased and decreased BP of the SCI participant is improved baroreflex 

sensitivity, possibly through mitigated arterial stiffness.176 The microvascular 

blood volume changes indicate a possible sympathetic role since 

photoplethysmograph amplitude directly relates to vascular distensibility.177  

Although there are many other intrinsic vasoactive substances to consider, it is 

unlikely the response would be due to increased epinephrine or norepinephrine, 

as previously shown.169 Other possible mechanisms are a large and rapid 

release of vasopressin creating a pressor effect, spinal reflex or peripheral alpha 

adrenoreceptor hyper-responsiveness, or cortisol fluctuations due to the stressful 

imagery. Another possibility is increased excitatory or inhibitory vagal response 

through breath modification or conscious interoception controlled by cognitive 

connections to the vagus nerve.73  
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This case study represents the first indication that training participants with 

SCI using the modified AFTE intervention has the potential to improve quality-of-

life with easy-to-achieve effects either in the clinic or at home through autonomic 

response adaptation. A key limitation of this proof-of-concept study is the small 

sample size of only two participants that is not matched in age and sex between 

the participant with SCI and the NI individual. Future studies should be 

conducted in larger sample sizes for SCI and NI participants matching sex, age, 

and body size, feedback specified to BP changes, continuous BP and HR 

monitoring, quality-of-life surveys, and autonomic assessments such as head-up 

tilt, HRV, Valsalva maneuver, and cold pressor test. 
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CHAPTER IV 

COMPARING VIRTUAL REALITY TO MENTAL IMAGERY FOR BLOOD 
PRESSURE AND HEART RATE VARIABILITY IMPROVEMENT IN PEOPLE 

WITH AND WITHOUT SPINAL CORD INJURY 

Introduction 

Immersive VR uses a head-mounted device and full immersion into the 

360-degree virtual world. It has been found effective for managing

hypertension,112,178 but, to our knowledge, no literature exists on the use of 

immersive 360-degree videos or VR for the effect of BP and HR changes after 

SCI. Mental imagery is a representation of sensory information in the mind 

without a direct external stimulus.179 Mental imagery is more challenging for the 

brain to generate than all forms of retinal perception, including VR.114 We 

hypothesized that biofeedback using immersive 360-degree VR videos with 

headsets would effectively modulate BP. Thirty-one participants, including 14 

individuals with SCI and 17 NI, participated in this study. Participants were asked 

to watch eight short, immersive 360-degree videos, alternating between 

stimulating and relaxing to raise then lower MAP by at least 5 mmHg 

respectively.  

Biofeedback has been used to modulate both BP and HRV.180-182 

Immersive VR has been successfully used for BP modulation.112,178 To our 

knowledge, there has been no clear evidence that biofeedback combined with 

VR is more effective than traditional biofeedback, though survey data indicated 

that it increased treatment motivation and attentional focus.183 Several VR stress 
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studies have included autonomic measurements. 178,184,185 One study compared 

the effects of immersive VR experiences in two scenes of elevator rides, one in a 

typical indoor elevator ride and the other in an elevator located outside the 

building. Participants watching the scene with the elevator on the outside of the 

building increased HR, galvanic skin response, and decreased HRV, indicating 

an increased stress response. However, no significant change in BP was found. 

184 Different BP results were found in another study using calm nature scenes. 

This study compared four scenarios: VR with and without audio, audio only, or 

the participants just sitting quietly, given no direction. BP was significantly 

lowered in only the audiovisual VR scenario.178   

Park et al. compared two mental stressors in veterans with post-traumatic 

stress disorder (PTSD) and a control group without PTSD. The two stressors 

consisted of watching VR imagery of military combat and performing mental 

arithmetic. The veterans with PTSD had significantly more muscle sympathetic 

nerve activity during both stressors than controls. They also had significantly 

higher increases in HR during VR, and diastolic BP during mental arithmetic than 

controls.185 However, neither group showed a significant difference in 

sympathetic response to the cold pressor test. The cold pressor test is more a 

physical stressor than a mental stressor. In the cold pressor test, baroreflexes do 

not regulate sympathetic activation,186 suggesting that mental stress affects 

baroreflex sympathetic augmentation more than non-mental stress.  

There are important differences between visual perception (with or without 

VR) and mental imagery. Mental imagery is “the creation of a perceptual 
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representation in the absence of retinal input.” 187 Modern imaging techniques 

have uncovered many overlapping brain regions in the functioning of both. They 

both produce the experience of “seeing,” though mental imagery is usually 

described as less detailed and requiring more effort.188 We know there are 

separate mechanisms between the two, from people with the condition of 

aphantasia who are unable to create mental imagery, yet their retinal vision 

works perfectly. Conversely, there are people with very vivid mental imagery, for 

example, someone with an eidetic, photo-like memory, and others who are 

burdened by lifelike hallucinations, such as some people with PTSD or 

schizophrenia. People with schizophrenia have an overabundance of visual brain 

connections — too many to gauge which perceptions are more “real.”189 

Visual perception begins with the simple (such as a shadow that could be 

a snake) to complex (such as quickly knowing that the shadow is only a rope). 

This continuum has evolved to keep us safe, and we focus on and become 

conscious of whatever is most salient to us personally. This difference in salience 

is why there is no set “reality,” only different perceptions.  Actual brain processing 

of retinal perception and mental imagery mirrors this simple to complex 

continuum: modern imaging studies have shown that the beginning of visual 

perception is mostly concentrated on the superficial cortical layers of the brain 

area V1 and is more excitatory to surrounding synapses. Mental imagery, in 

contrast, begins in executive brain areas, has additional connections in the 

deeper layers of the visual cortex, and is more modulatory. Mental imagery is 

more “top down” and visual perception is more “bottom up.”114 Because of this, 
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mental imagery for most people poses greater challenges and increases 

engagement of complex and executive brain areas.114  

Some forms of meditation use mental imagery.149 Meditation has been 

shown to lower BP via the relaxation response.190,191 Eliciting the relaxation 

response (and meditation) is as simple as sitting quietly and still with closed 

eyes, allowing thoughts to come and go.192,193 Transcriptome studies of the 

relaxation response have found it elicits positive changes in metabolism, insulin, 

and inflammation, in addition to BP changes as effective as pharmaceutical 

interventions.190 The likely mechanism for these BP changes is increased nitric 

oxide, a vasodilator.194 Nitric oxide vasodilates via postganglionic sympathetic 

neurons and antagonism of noradrenergic signaling.195-198  When people are not 

meditating or focusing their attention, they use the default mode network of the 

brain.199 Mindfulness is focusing on one’s present-moment feelings, mind, and/or 

body, and is usually measured via qualitative studies.200 It can also be measured 

with functional magnetic resonance imaging which during mediation and mindful 

states shows decreased functioning in the default mode network. 199 

SCI significantly affects BP, and previous studies have shown that mental 

imagery is beneficial for BP modulation in this population. 6,101 However, mental 

imagery can be difficult to maintain and requires more executive brain function 

than retinal perception, which includes VR. Because people with SCI are highly 

likely to be diagnosed with PTSD due to their injury,201 self-generated mental 

imagery has the potential to retraumatize. For these reasons, and because there 
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is a research gap, we wanted to compare VR to mental imagery for 

hemodynamic modification.  

Materials and Methods 

Participants 

Seventeen women and 14 men (N=31) age (38±14) participated in this 

study.  Fourteen participants had a sustained chronic SCI (more than 12 months 

since injury) and 17 were NI. Participants with SCI were classified using the 

American Spinal Injury Association Impairment Scale (AIS) as follows: eight were 

cervical motor complete (AIS A-B), five were cervical motor incomplete (AIS C-

D), and one was thoracic motor complete. The participants with SCI were 

between the ages of 24 and 67 (44±14). NI participants were between the ages 

of 21 and 65 (32±14). All participants were in stable medical condition without 

cardiopulmonary disease and were non-smokers. Table 2 shows the participants' 

demographics and clinical characteristics.  



 

73 
 

 

Table 2: Clinical characteristics of participants (N=31) in VR/mental comparison 
of Modified Autogenic Feedback Training  

Equipment 

BP, HR, and interbeat interval were measured and recorded with Caretaker 

Continuous BP Monitor 4 (Charlottesville, VA, USA). The interbeat interval was 

then filtered at a medium threshold to eliminate any data with excessive ectopic 

beats using Kubios HRV software (Varsitie 22, 70150 Kuopio, FINLAND). The 
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VR head-mounted device was Meta Quest 2 (Meta Platforms, Menlo Park, 

California, USA). 

Modified Autogenic Feedback Training 

The lab space was accessible for people in wheelchairs, with two 

researchers per participant at a time in attendance. The door was closed, the 

room quieted, and the lights dimmed. After the study details were explained and 

written consent obtained, participants attended two sessions on separate days 

within one week. They were randomly assigned to their first session as either VR 

or mental. Sessions began with a five-minute quiet baseline, then eight three-

minute cycles alternating between relaxation and stimulation. NI participants 

were seated in a non-reclining chair with their feet on the ground, and knees 

flexed at 90 degrees. Participants with SCI were seated upright in their 

wheelchairs. BP was measured with a manual sphygmomanometer and cuff to 

calibrate the telemetric BP measurement device, which continuously monitored 

BP and HR.  

For the relaxation cycles, participants completed breathing exercises and 

imagery to help facilitate relaxation and tried to decrease their BP. For the 

stimulation cycles, participants completed breathing and imagery exercises with 

the intent to increase their BP. After the eight cycles, a five-minute rest period 

was recorded. Participants were guided step-by-step throughout the training 

session by the researcher. For the mental training session, participants were 

asked to picture in their minds a safe, comforting image during relaxation cycles, 

or an exciting or frustrating image during stimulation cycles. For the VR sessions, 
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the headset was put on before the beginning of the first training cycle and left on 

for the remainder of the training session. The three-minute, 360-degree videos 

were relaxing (e.g., beach scenes, campfires) and then stimulating (e.g., sharks, 

horse races).202 The video playlist was consistent for all participants.   

The participants were given BP goals for relaxation and stimulation: five 

MAP points in mmHg below and five above the number recorded at the 

beginning of the cycle, respectively. Verbal acknowledgment of success in 

attaining these goals served as auditory biofeedback, allowing the participants to 

close their eyes, except when watching VR, to concentrate on their intention to 

modify BP. Since BP naturally varies with spontaneous respiration203, and 

participants' goals were to move their BP, we measured the difference in 

variation during training as compared to the five-minute rest periods before and 

after training. We also measured whether BP variability correlated with HRV. 

A researcher gave verbal instructions to the participant and recorded MAP 

at the beginning of the cycle, the MAP goal, whether the goal was achieved, 

when, and the highest or lowest MAP in the cycle. A second researcher marked 

events on the telemetric physiological recording unit. The VR images were cast 

onto a laptop and advanced using the Meta Quest 2's right-hand control 

apparatus, just behind the participant. A physician specializing in SCI medicine 

and rehabilitation research was on site or in the same building during all the 

sessions. The training was discontinued if systolic BP was over 180 or under 80 

mmHg.  
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Statistical Methods 

All measured outcomes: systolic BP, diastolic BP, MAP, HR, HRV (SDNN, 

HF, LF, VLF) were summarized with means and standard deviations, minima, 

and maxima. Summary statistics were calculated by the study group (cervical 

SCI and NI). Outcome data were also summarized graphically with boxplots for 

univariate data and scatterplots for bivariate data. All hypothesis tests were 

conducted at the 0.05 level, and all analyses were conducted using the open-

source R software environment (R: A Language and Environment for Statistical 

Computing, R Foundation for Statistical Computing, Vienna, Austria, v 4.3.2). 

Results 

 Figure 13 illustrates an example VR training session for a participant with 

C6A SCI. Figure 14 illustrates the same participant’s mental training. The blue 

and red areas are the alternating relaxation and stimulation cycles, respectively. 

The gray areas are the five-minute rest periods before and after training. In these 

graphical representations of systolic and diastolic BP, acute changes which 

occurred during or just after the breathing portion of the training can be seen in 

both the relaxation cycles and the stimulation cycles, yet the times in between 

the acute changes appear to have less extreme variation in mmHg than in the 

rest periods before and after training. These graphical representations are from 

only one participant. When the data from all participants was included, MAP 

variability increased significantly from the rest period before training to during 

training, details of which are forthcoming in the next sections. In Figures 13 and 
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14, the times between acute changes during training notably appear “smoother”, 

with less variability. 

 

Figure 13: BP changes in VR imagery training in participant with C6A SCI. The 
blue and red areas are the alternating relaxation and stimulation cycles, 
respectively. The gray areas are the five-minute rest periods before and after 
training. 

 

 

Figure 14: BP changes in mental imagery training in participant with C6A SCI. 
The blue and red areas are the alternating relaxation and stimulation cycles, 
respectively. The gray areas are the five-minute rest periods before and after 
training. 
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Mean Arterial Pressure Changes During Training 

We then compared participants with SCI and NI participants' mean 

maximum increase (in stimulation cycles) or decrease (in relaxation cycles) of 

MAP in both VR and mental training. Testing with repeated measures ANOVA, 

participants with SCI showed significantly more decrease in MAP during 

relaxation cycles than NI participants (p = 0.0421). There was no significant 

difference in increase for participants with SCI for stimulation cycles, although it 

was very close (p = 0.0695) as shown in Figure 15. This figure compares 

participants with SCI and NI participants' mean maximum increase (in stimulation 

cycles) or decrease (in relaxation cycles) of MAP in both VR and mental training. 

Figure 15: Mean maximum increase and decrease of MAP. Participants with SCI 
showed significantly more decrease in MAP during relaxation cycles than NI 
participants (p = 0.0421) during the first two trainings: one training using VR and 
one using mental imagery. In this box and whisker plot, the box itself is the 
interquartile range. The lines extending up and down away from the box end in 
maxima and minima respectively. The line in the center of the box is the median. 
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Differences in overall mean MAP and HR were not significant between VR 

and mental cycles; however, the differences in MAP variability and HRV were 

significant. 

Mean Arterial Pressure Variability Before, During, and After Training  

Coefficients of variation (CV) in MAP were compared between the training 

segments and the five-minute rest periods before and after the training segments 

(Figure 16). One-way repeated measures ANOVA of overall data showed a 

significant difference in MAP variation in the five-minute rest periods before and 

after training (p = 1.85e-6). To evaluate this further, pairwise t-tests compared 

"Before" and "During," as well as "During" and "After" for each visualization type. 

For the mental cycles, there was a significant increase in MAP variability from 

"Before" to "During" (p = 1.466e-4) but not from "During" to "After" (p = 0.5729). 

For the VR group, there was a significant increase in MAP variability between 

"Before" and "During" (p = 5.837e-5) and also between "During" and "After" (p = 

0.0417). Figure 16 shows a comparison of MAP variability in the five-minute rest 

periods before and after training, broken down by visualization type. These 

findings indicate volitional BP modification beyond normal variations of 

spontaneous breathing. All outliers were included in data analysis. 
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Figure 16: Significant differences in MAP variability in both VR and mental 
trainings indicate volitional BP modification beyond normal variations of 
spontaneous breathing. All changes were significant except for “during” to “after” 
in the mental cycles. The dots in the upper part of the graph denote outliers. 

Heart Rate Variability Before and After Training 

HRV measured in the standard deviation of normal-to-normal beats 

(SDNN) showed a significant increase (p = 9.29e-4) from the five-minute rest 

period before to the five-minute rest period after training in both VR and mental 

sessions, as shown in Figure 17.  
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Figure 17: HRV measured in the standard deviation of normal-to-normal beats 
showed a significant increase (p = 9.29e-4) from the five-minute rest periods 
before to the five-minute rest period after training in both VR and mental 
sessions. 

 

Heart Rate Variability and Blood Pressure Variability Correlation 

Because of the increase in both HRV and BP variability, we conducted 

further correlation analyses between them. In the VR sessions, increased 

variation in MAP from the five-minute rest period before training to the five-

minute rest period after training showed a significant correlation (0.6031138) (p = 

0.006265) with the increase in HRV during those same periods. The statistical 

test used was Pearson's product-moment correlation test. Mental sessions did 

not show this correlation (0.2971452) (p = 0.2033). We also tested for the 

correlation between MAP variability and HRV with mental and VR data 

aggregated using the cluster-weighted Pearson's product-moment correlation 

test, which also showed a significant correlation between increased MAP 
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variability and increased HRV. The cluster-weighted correlation was 0.4767479 

(p = 0.001116), as shown in Figure 18.  

Figure 18: BP variability and HRV showed a significant correlation only in the VR 
session.  

Discussion 

To our knowledge, this is the first study looking into the effects of VR on 

BP and HRV after SCI. During normal breathing at rest, BP naturally decreases 

during inhalation and increases during exhalation. Participants' BP variability 

significantly increased beyond normal breathing levels during training compared 

to the five-minute rest periods before and after training. In VR sessions, not only 

did the variability in BP increase significantly during training, but it increased 

even further in the five-minute rest period after training.  

Increased HRV is cardioprotective in a healthy person without 

cardiovascular arrhythmias.204 Reduced HRV is correlated with all-cause 
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mortality and is a strong indicator of future health problems.205,206 HRV reflects 

the ability to adaptively respond to physiological or psychological stress.39,40 HRV 

showed significant improvement in our study. To indicate whether the increase in 

BP variability seen in this training may also be cardioprotective, we did a 

correlation analysis between HRV and the coefficient of variation of MAP. The 

positive correlation we found may indicate that acute increasing and decreasing 

BP volitionally has different cardiovascular consequences than the detrimental 

BP highs and lows throughout the day for many people with SCI since higher 

HRV is a positive cardiovascular outcome. 

Participants with SCI brought their MAP down significantly more in 

relaxation cycles than NI people. This could be because of adapted vagal 

dominance, since sympathetic influences on the baroreflex are often "offline" in 

people with cervical SCI. Or it could indicate more cognitive influence on 

volitional BP modification. This invites further study. With our focus on both 

increasing and decreasing BP, physiologically, we went "back and forth," 

theorizing that the response of the baroreflex and arterioles would adapt for 

cardiovascular improvements, but also, we went "back and forth" psychologically, 

between relaxation and stimulation, which could have emotion regulation 

benefits.145,146 

To our knowledge, no studies have been conducted on the attenuation of 

hypotension with VR, which indicates a research gap. There is also a research 

gap comparing the effects of mental and VR imagery. Visual perception is 

especially salient when visual and motor frames of reference are congruent 
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207,208; however, according to recent functional magnetic resonance imaging 

evidence, VR interventions integrate body-based cues to create a spatial "map" 

in the brain just as effectively without using motor movements.209 This could be 

especially relevant for people with limited mobility. Further, we believe that 

including eye tracking or voice activation could enhance the experience for SCI 

participants with limited hand and arm function. This could increase 

independence if incorporated into future technology and neurorehabilitative 

therapies. In conclusion, autonomic biofeedback using mental and/or VR imagery 

could be an effective adjunct tool for fast-acting, non-pharmaceutical BP 

modification and HRV improvement for people with and without SCI. 

Acknowledgments: The authors are grateful to the research participants, and to 

Dr. Shannon Putman, Kaden Kozlowski, Addie Wanner, and Jae Fish for their 

support during data collection. 

Funding: The material is based upon work supported by NASA Kentucky under 

award number 80NSSC20M0047. This work was also supported by The Owsley 

Brown Frazier Endowed Chair in Physical Medicine and Rehabilitation. 



85 

CHAPTER V 

VIRTUAL REALITY BIOFEEDBACK MODULATES BLOOD PRESSURE AND 
HEART RATE VARIABILITY IN PEOPLE WITH CERVICAL SPINAL CORD 

INJURIES 

Introduction 

VR has been found effective for managing hypertension,112,178 but to our 

knowledge, no literature exists on the use of VR biofeedback for the effect of BP 

and HR changes after SCI. We hypothesized that biofeedback using immersive 

360-degree VR videos with VR headsets, conscious interoception, and breathing

exercises would effectively modulate BP and HRV. Twenty participants, including 

13 individuals with cervical motor complete SCI and seven NI individuals, 

participated in this study. Participants received verbal feedback on whether or not 

they reached their goals of increasing and decreasing their MAP by at least five 

mmHg. In addition to eight biofeedback training sessions, we conducted pre/post 

autonomic testing including head-up tilt, the Valsalva maneuver, and paced deep 

breathing. 

Materials and Methods 

Participants 

Twelve women and eight men (N=20) aged (39±14) participated in this 

study. Thirteen participants had a sustained chronic cervical SCI (more than 12 

months since injury) and seven were NI. Participants with SCI were classified 

using the American Spinal Injury Association Impairment Scale (AIS) as follows: 



 

86 
 

eight were cervical motor complete (AIS A-B) and five were cervical motor 

incomplete (AIS C-D). The participants with SCI were between the ages of 24 

and 67 (43±14). NI participants were between the ages of 21 and 65 (31±10). All 

participants were in stable medical condition without known cardiopulmonary 

disease and were non-smokers. Table 3 shows the participants' demographics 

and clinical characteristics.  

 

Table 3: Clinical characteristics of participants in eight sessions of modified 
autogenic feedback training (N=20). 

Equipment 

BP, HR, and interbeat interval were measured and recorded with Caretaker 

Continuous Blood Pressure Monitor 4 (Charlottesville, VA, USA). The interbeat 

Participant SCI or NI Sex Age Injury AIS Years Height (cm) Weight (Kg)
Level Since Injury

1 SCI M 34 C3 A 3 180.3 108.9
2 SCI M 53 C3 C 6 185.4 83.9
3 SCI F 32 C4 A 5 170.2 83.9
4 SCI M 28 C4 B 3 180.3 117.9
5 SCI M 67 C4 C 52 172.7 65.8
6 SCI F 62 C4 C 3 170.2 74.8
7 SCI F 36 C4 C 19 160 70.3
8 SCI F 60 C4 D 1 162.6 99.3
9 SCI M 42 C5 B 4 177.8 61.2
10 SCI F 34 C5/6 A 3 165.1 80.7
11 SCI M 24 C5/7 A 2 188 104.3
12 SCI F 50 C6/7 A 34 174 46.3
13 SCI F 35 C6/7 B 3 149.9 95.3
Mean±SD 43±14 11±16 172±11 84±21
14 NI F 22 N/A N/A N/A 170.2 63.5
15 NI F 21 N/A N/A N/A 157.5 50.3
16 NI F 48 N/A N/A N/A 170.2 74.8
17 NI F 33 N/A N/A N/A 180.3 81.6
18 NI F 40 N/A N/A N/A 157.5 79.8
19 NI M 25 N/A N/A N/A 177.8 64.9
20 NI M 28 N/A N/A N/A 185.4 90.7
Mean±SD 31±10 171±11 72±14
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interval was then filtered at a medium threshold to eliminate any data with 

excessive ectopic beats using Kubios HRV software (Varsitie 22, 70150 Kuopio, 

FINLAND). The VR head-mounted device was Meta Quest 2 (Meta Platforms, 

Menlo Park, California, USA). 

Modified Autogenic Feedback Training 

The lab space was accessible for people in wheelchairs, with two 

researchers per participant at a time in attendance. The door was closed, the 

room quieted, and the lights dimmed. After details were explained and written 

consent obtained, individual participants completed pre-autonomic testing 

consisting of a 45-degree head-up tilt, the Valsalva maneuver, and HR measured 

during paced deep breathing. They then were randomly assigned to begin the 

training protocol using either mental or VR imagery. Only one session used 

mental imagery, and the others used VR. Eight participants completed nine 

training sessions, and 12 participants completed eight sessions. Sessions were 

approximately twice a week for one month. After the training sessions were 

complete, post-testing was conducted, with the same outcome measures as pre-

testing.  

Sessions began with a five-minute quiet baseline, then eight three-minute 

cycles alternating between relaxation and stimulation. NI participants were 

seated in a non-reclining chair with their feet on the ground, and knees flexed at 

90 degrees. Participants with SCI were seated upright in their wheelchairs. BP 

was measured with a manual sphygmomanometer and cuff to calibrate the 

telemetric BP measurement device, which continuously monitored BP and HR.  
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During the relaxation cycles, participants completed breathing exercises, 

interoception, and imagery to help facilitate relaxation and decrease BP. For the 

stimulation cycles, participants completed breathing exercises, interoception, and 

imagery with the intent to increase their BP. After the eight cycles, a five-minute 

rest period was recorded. Participants were guided step-by-step throughout the 

training session by the researcher. For the mental training session, participants 

were asked to picture in their minds a safe, comforting image during relaxation 

cycles, or an exciting or frustrating image during stimulation cycles. For the VR 

sessions, the headset was put on before the beginning of the first training cycle 

and left on for the remainder of the training session. The three-minute, 360-

degree videos were relaxing (e.g., beach scenes, campfires) and then stimulating 

(e.g., sharks, horse races).202 The video playlist was consistent for all 

participants. 

The participants were given BP goals for relaxation and stimulation: five 

MAP points in mmHg below and five above the number recorded at the 

beginning of the cycle, respectively. Verbal acknowledgment of success in 

attaining these goals served as auditory biofeedback, allowing the participants to 

close their eyes, except when watching VR, to concentrate on their intention to 

modify BP.  Since BP naturally varies with spontaneous respiration,203 and 

participants' goals were to move their BP, we measured the difference in 

variation during training as compared to the five-minute rest periods before and 

after training.  We also measured whether BP variability correlated with HRV. 
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A researcher gave verbal instructions to the participant and recorded the 

MAP at the beginning of the cycle, the MAP goal, whether and when the goal 

was achieved, and the highest or lowest MAP in the cycle. A second researcher 

marked events on the telemetric physiological recording unit. The VR images 

were cast onto a laptop and advanced using the VR right-hand control apparatus 

just behind the participant. A physician specializing in SCI medicine and 

rehabilitation research was on site or in the same building during all the sessions. 

The training was discontinued if systolic BP was over 180 or under 80 mmHg.  

Statistical Methods 

All measured outcomes: systolic BP, diastolic BP, MAP, HR, HRV (SDNN, 

HF, LF, VLF) were summarized with means and standard deviations, minima, 

and maxima. Summary statistics were calculated by the study group (cervical 

SCI and NI). Outcome data were also summarized graphically with boxplots for 

univariate data and scatterplots for bivariate data. All hypothesis tests were 

conducted at the 0.05 level, and all analyses were conducted using the open-

source R software environment (R: A Language and Environment for Statistical 

Computing, R Foundation for Statistical Computing, Vienna, Austria, v 4.3.2). 

Results 

Heart Rate Variability in Eight Sessions of Autonomic Biofeedback Training 

We compared HRV during the five-minute rest periods before and after 

each autonomic biofeedback training session. HRV cannot be accurately 

measured during the active part of the training session because the breathing 

exercises would invalidate the results. All HRV parameters increased 
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significantly. We analyzed one time-domain HRV measurement, the standard 

deviation of normal-to-normal beats (SDNN), and three frequency domain HRV 

measurements: high frequency (HF), low frequency (LF), and very low frequency 

(VLF). The SDNN changes represent the differences in time between heartbeats, 

whereas the frequency measurements represent the amplitude of the heartbeats. 

In Figures 19 and 20, repeated measures ANOVA showed significant SDNN 

changes in participants with SCI (p = 4.52e-4) and NI participants (p = 1.23e-5) 

respectively.  

 

Figure 19: HRV during the five-minute rest periods before and after each training 
increased significantly for participants with SCI. In this box and whisker plot, the 
box is the interquartile range. The lines extending up and down away from the 
box end in maxima and minima respectively. The line in the center of the box is 
the median. The dots on the upper part of the graph denote outliers. 
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Figure 20: HRV measured in the five-minute rest periods before and after each 
training increased significantly for NI participants. 

The three different frequency domain measurements represent 

mechanisms of HRV changes. We used the natural log version of the frequency 

measurements because it approximates the normal distribution of the data since 

our sample size was low. HF HRV represents vagal contributions to HRV.152 LF 

measurements represent baroreflex modulations,153 and VLF measurements 

represent changes made via the renin-angiotensin-aldosterone system 

(RAAS).154  Changes in RAAS may be less cardioprotective than other 

mechanistic changes in HRV because these changes indicate that the kidneys 

are more active in changing BP instead of direct baroreflex mechanisms. 
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Table 4 shows which HRV parameters had the most and least significant 

increases using repeated measures ANOVA of the means of each parameter in 

each training’s five-minute rest period before and after. From this chart, we see 

that VLF HRV had the most significant changes for all participants. Very low 

frequency heart rate variability’s mechanism of change is RAAS.154 The next 

most significant changes were in baroreflex153 (LF HRV) then vagal152 (HF HRV) 

changes in NI participants, and vagal152(HF HRV)  then baroreflex153 (LF HRV) 

changes in participants with SCI. 
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HRV measurement P value 

most significant increase VLF SCI 0.000000506 

VLF NI 0.00000115 

SDNN NI 0.0000123 

LF NI 0.0000346 

HF NI 0.00012 

SDNN SCI 0.000452 

HF SCI 0.013 

least significant increase LF SCI 0.015 

Table 4: All frequency and time domain HRV measurements in the five-minute 
rest periods before and after each training increased significantly in all 
participants. Different frequency measurements are affected by different 
mechanisms:  high frequency HRV (HF) represents vagal contributions to 
HRV.152 Low frequency (LF) measurements represent baroreflex modulations,153 
and very low frequency (VLF) measurements represent changes made via the 
renin-angiotensin-aldosterone system.154  
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Heart Rate Variability in Pre/Post-Autonomic Testing 

In contrast to the above significant HRV changes in the rest periods just 

before and after each training, we did not find significant changes in HRV in 

pre/post testing. Five-minute supine baseline hemodynamic measurements were 

recorded just before autonomic testing consisting of head-up tilt, the Valsalva 

maneuver, and paced deep breathing. Using a paired Wilcoxon test appropriate 

for time-domain measurements, we did not find a significant difference between 

the means of SDNN pre/post (p = 0.766). The other three frequency domain HRV 

measurements also did not show a significant change in pre/post-testing. Here 

we used paired t-tests: p = 0.8103 (HF), p = 0.7701 (LF), p = 0.5136 (VLF). 

The above HRV measurements were analyzed by entering the interbeat 

interval from the hemodynamic measurement unit into Kubios HRV software.  We 

also measured HRV through paced deep breathing during pre/post. Guided by 

the researcher, participants inspired for five seconds and expired for five 

seconds, for one minute. This is known as coherent breathing, which optimizes 

HRV.142 When compared to normative values, 77% of participants with cervical 

SCI showed impaired HRV measured through paced deep breathing.210 Details 

of participants' paced deep breathing results are included in the cardiovagal 

results in Table 7.  

Blood Pressure in Eight Sessions of Autonomic Biofeedback Training 

MAP did not show significant changes when measuring the five-minute 

baselines before and after each training for participants with SCI (p=.218) nor NI 
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participants (p=.343). However, variabilities in HR showed significant changes. 

Variabilities in BP also changed significantly during the rest periods.  

During spontaneous breathing, BP naturally decreases with inspiration 

and increases with expiration. We wanted to see if the variation in MAP changed 

during training, to indicate whether volitional changes were taking place. The 

coefficient of variation (CV) is the standard deviation divided by the mean. In 

Figure 21 below, we compare the CV in the five-minute rest period before 

training, during training, and then the five-minute rest period after training. Both 

participants with cervical SCI (p=5.39e-14), and NI participants (p=4.41e-07), 

significantly increased MAP variation from the first rest period to the second. NI 

participants significantly increased MAP variation from “before” to “during” 

(p=3.53e-06), but not “during” to “after” (p=0.721). Participants with SCI 

increased both “before” to “during” (p=8.97e-15) and then decreased “during” to 

“after” (p=1.81e-08), yet this decrease in the five-minute rest period after training 

was still significantly higher than the rest period before training. 
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Figure 21: All participants' MAP variability increased significantly from the five-
minute rest period before training, to during training, indicating volitional BP 
modification. NI participants’ MAP variability remained elevated in the five-minute 
rest period after training. 

In addition to measuring BP changes in the five-minute rest periods before 

and after training, we measured whether participants were able to meet their 

feedback goals during the training cycles. Participants’ goals during training were 

to increase then decrease their MAP by five mmHg in stimulation and relaxation 

cycles respectively.  In all cycles, the difference between the beginning cycle 

MAP mean and maximum means in stimulation cycles or minimum means in 

relaxation cycles was found to be significantly greater than five (p=2.2e-16). 

Mean MAP changes in successful cycles were similar in both cohorts: the mean 

MAP increase in successful stimulation cycles for participants with SCI was 

10.03 and for NI participants 10.92. The mean MAP decrease in successful 
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relaxation cycles for participants with SCI was 9.5 and for NI participants 10.03 

as shown in Figure 22.  

Figure 22: Mean MAP changes in successful cycles (when change was at least 
5mmHg) during training were similar for all participants ranging from 9.5-10.92 
mmHg. 

NI participants had successful cycles more often than participants with 

SCI. Percentages of successful cycles were similar between relaxation and 

stimulation in both cohorts. Participants with SCI had successful relaxation cycles 

62% of the time and successful stimulation cycles 60% of the time. NI 

participants had successful relaxation cycles 80% of the time and successful 

stimulation cycles 78% of the time (Figure 23). Figure 24 illustrates during what 

part of the training cycle participants most often met their goals of at least five 

mmHg increase during stimulation cycles or decrease during relaxation cycles. 
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Figure 23: NI Participants had successful cycles more often than participants 
with SCI:  Participants with SCI had successful relaxation cycles 62% of the time 
and successful stimulation cycles 60% of the time. NI participants had successful 
relaxation cycles 80% of the time and successful stimulation cycles 78% of the 
time. 

Figure 24: Participants most frequently met their goals during the breathing 
exercise portion of the training, except for NI stimulation cycles which were most 
successful just after the breathing, during interoception. 
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We then separated the data between the cycle types in all the cycles and 

tested the difference between the beginning MAP mean and minimum or 

maximum MAP in the cycle using repeated measures ANOVA (Figure 25). 

Participants with SCI and NI participants were similarly successful in their raising 

and lowering of MAP, with no significant difference attributed to the injured 

status: relaxation cycles (p=0.4250), or in the stimulation cycles (p=0.196) as 

seen in Figure 25.  

 

 

Figure 25: Mean MAP comparison by cycle type. When all cycles were taken 
into consideration, whether they were successful (changing at least 5mmHg) or 
not, participants with SCI and NI participants were similarly successful in their 
raising and lowering of MAP, with no significant difference attributed to the 
injured status. 
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Blood Pressure in Pre/Post-Autonomic Testing 

Figure 26 below shows comparisons for the mean systolic and diastolic 

BP 30 seconds before tilt and the minimum BP during tilt. The tilt test can show 

whether a participant experiences orthostatic hypotension, which is a 20 mmHg 

decrease in systolic BP or a 10 mmHg decrease in diastolic BP.  All participants 

with SCI except one showed orthostatic hypotension in either pre, post, or both, 

as did three of the seven NI participants. In this graph, we can see that BP did 

not change significantly from pre to post. To elucidate whether post values 

became closer to normotensive than pre values, we compared the means of pre- 

and post-systolic (SBP) and diastolic (DBP) and did not find a significant 

difference: SBP (p=0.285), DBP (p=0.4137). Values were considered 

normotensive if they were in a range of 90/60-120/80. 
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Figure 26: All participants’ BP during the tilt test did not change significantly from 
pre to post.  

We then looked at proportions: how many were in the normotensive range 

pre-and post-test. For systolic BP, we had five in the normotensive range for 

both, five for post-test but not pre-test, three for pre-test but not post-test, and 

zero for neither. The normal test for this type of analysis is McNemar’s test, but 

due to the small sample size, we used an alternative to this called the exact 

binomial test. With this, we did not find a significant difference (p=0.7266). It is 

also worth noting that McNemar’s test does give about the same result 

(p=0.7237). For diastolic BP, we had five in the normotensive range for both, five 

for post-test but not pre-test, one for pre-test but not post-test, and two for 
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neither. Using the exact binomial test to evaluate this, there is not a significant 

difference (p=0.2188). Finally, we aggregated them. For this, we had four in the 

normotensive range for both, three for post-test but not pre-test, zero for pre-test 

but not post-test, and six for neither. Using the exact binomial test to evaluate 

this, we did not find a significant difference (p=0.25). 

To elucidate whether there was a smaller range of systolic and diastolic 

BP reduction during tilt, we first calculated the amount the systolic BP dropped in 

the pre-and post-testing, and then compared these using a one-sided paired t-

test to see if the pre-test drop was greater than the post-test drop. The test did 

not show a significant difference (p=0.7417). We did the same for diastolic BP,  

and the results were similar (p=0.7344). Next, we again compared the 

proportions of those that showed hypotension in the pre-test vs those that 

showed hypotension in the post-test. For systolic BP, diastolic BP, and an 

aggregate of both, the results were the same: we had six show it in both, four in 

the post-test but not the pre-test, two in the pre-test but not the post-test, and one 

in neither. Using the exact binomial test, we did not find a significant difference 

(p=0.6875). 

In Table 5 below we show all participants’ cardiovagal responses 

measured in HR during paced deep breathing and the Valsalva ratio, along with 

successful relaxation cycles and mean MAP decreases. According to age and 

sex-specific normative values of the Valsalva ratio,210 only three out of 13 

participants with SCI showed normal cardiovagal response both pre and post. 

Similarly, three out of 13 participants with SCI showed a normal cardiovagal 
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response in HR during paced deep breathing. Only one participant with SCI 

showed a normal cardiovagal response in both outcome measurements. Despite 

the majority of participants with SCI showing vagal abnormalities, they were 

successful in relaxation cycles in a range of 31-90% of the time. 

Table 5: Cardiovagal response pre/post and MAP increase during training: the 
yellow highlights mark less than normative response.210 HRDB=heart rate 
measured during deep paced breathing, VR=Valsalva Ratio, MAP=mean arterial 
pressure, AIS=injury rating according to ASIA impairment scale. 

Table 6 below shows adrenergic response pre/post and MAP increases 

during training.  All but one participant with SCI showed orthostatic hypotension 

during head-up tilt in pre-/or post-testing. Despite most participants showing 

Cardiovagal Response and MAP Decreases Successful Mean 
Participant Injury Level AIS HRDB Pre HRDB Post VR pre VR post Relaxation Cycles MAP Decrease
1 C3 A 12 ± 3.8 11 ± 2.8 1.29 1.68 46% 8.7
2 C3 C   8 ± 2.2 6 ± 1.7 1.25 1.22 47% 10.9
3 C4 A   9 ± 2.3 7 ± 2 1.17 1.1 81% 10
4 C4 B 10 ± 2.9 12 ± 3.8 1.64 1.2 64% 8.1
5 C4 C 18 ± 5.6 30 ± 8.8 1.3 1.18 72% 8
6 C4 C 9 ± 2.8 8 ± 1.6 1.36 2.13 75% 8
7 C4 C 11 ± 2.9 13 ± 4 1.31 1.26 31% 6.4
8 C4 D 4 ± 1.5 5 ± 1.6 1.39 1.4 44% 8
9 C5 B 10 ± 2.7 13 ± 3.5 1.5 1.58 46% 8.2
10 C5 A 5 ± 1.1 5 ± 1.1 2.24 2.03 53% 7.5
11 C5 A 6 ± 1.9 6 ± 1.8 1.29 1.21 53% 12.5
12 C6 A 4 ± 1.3 7 ± 1.8 1.22 1.29 90% 10.9
13 C6 B 9 ± 2.3 7 ± 2.1 1.29 1.34 72% 15.8
Mean ± SD 9 ± 3 10 ± 3 1.4 ± .28 1.43 ± .33 62% ± .17 9.46 ± 1.8
14 NI NA 15 ± 3.8 14 ± 3.2 1.59 2.35 50% 7.6
15 NI NA 22 ± 3.1 11 ± 3.1 1.35 1.4 94% 11.3
16 NI NA 6 ± 1.5 7 ± 2 1.09 1.06 84% 14.22
17 NI NA 14 ± 3.8 10 ± 3 1.5 1.26 81% 10.12
18 NI NA 16 ± 4.3 8 ± 2.6 1.1 1.1 69% 8.95
19 NI NA 14 ± 4.5 16 ± 4.8 2.1 2.4 94% 9.9
20 NI NA   5 ± 1.3 11 ± 3.5 1.71 2.01 86% 8.1
Mean ± SD 13 ± 3 11 ± 3 1.49 ± .36 1.65 ± .58 80% ± .16 10 ± 2.2
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adrenergic deficiencies as measured by head-up tilt, participants with SCI had 

successful stimulation cycles in a range of 30-88% of the time.  

Table 6: Adrenergic response pre/post and MAP increases during training: the 
plus signs indicate orthostatic hypotension (OH), AIS=injury rating according to 
ASIA impairment scale. 

Sympathetic Adrenergic Response and MAP Increases
Participant Injury Level AIS OH pre OH post Successful Mean 

Stimulation Cycles MAP Increase
1 C3 A + + 69% 12.4
2 C3 C + + 53% 7.7
3 C4 A + + 64% 11.2
4 C4 B + + 47% 8.3
5 C4 C + 77% 14.1
6 C4 C 55% 9.9
7 C4 C + + 51% 10.9
8 C4 D + + 64% 9.3
9 C5 B + 30% 6.2
10 C5 A + + 44% 8.5
11 C5 A + 59% 8.6
12 C6 A + + 88% 8.8
13 C6 B + + 80% 14.5
Mean ± SD 60% ± .16 10.3 ± 2.5
14 NI NA + + 94% 11.7
15 NI NA 97% 10.1
16 NI NA 64% 9.2
17 NI NA 89% 8.8
18 NI NA + + 84% 17.5
19 NI NA 50% 11.2
20 NI NA + + 66% 8
Mean ± SD 78% ± .18 10.9 ± 3.2
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Heart Rate Variability and Blood Pressure Variability Correlation 

Because of the changes in MAP variability before, during and after 

training, we wanted to see if MAP variability correlated with HRV, and it did. 

Figure 27 is a scatterplot mapping the changes in SDNN (HRV) against the 

changes in the coefficient of variation in MAP, for SCI participants: Pearson’s 

product-moment correlation test gives a value of 0.228, which is significant 

(p=0.0197).  For NI participants, the correlation test gave a value of 0.319, which 

is also significant (p=0.0201) (Figure 28).

 

Figure 27: There was a significant correlation (p=0.0197) between HRV and 
MAP variability in participants with SCI during the five-minute rest periods before 
and after each of the eight trainings. 
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Figure 28: There was a significant correlation (p=0.0201) between HRV and 
MAP variability in NI participants during the five-minute rest periods before and 
after each of the eight trainings. 

Discussion 

To our knowledge, this is the first study of the effects of VR biofeedback 

on BP and HRV in individuals with SCI. In humans during spontaneous breathing 

at rest, BP decreases during inspiration and increases during expiration. In our 

study, all the participants' BP significantly increased beyond spontaneous 

breathing levels during training compared to the five-minute rest periods before 

and after training, which indicates volitional modulation. In contrast to the 

significant HRV and BP variability changes in the rest periods just before and 

after each training, we did not find significant changes in HRV nor BP in pre/post 
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testing. This indicates that training may be most useful for the acute modulation 

of BP. NI participants’ MAP variation increased during training and remained at 

increased levels in the rest period after training, whereas participants with SCI’s 

MAP variability increased during training but came back down again in the rest 

period after training. This interesting contrast invites further study. 

Refuting our hypotheses, NI participants had successful training cycles 

more often than participants with SCI. Participants most frequently met their 

goals during the breathing portion of training, except for NI stimulation cycles, in 

which participants were most often successful during interoception, which 

occurred just after the breathing. In normal healthy BP modulation, increasing BP 

takes longer than decreasing BP since vagal effects occur faster than the 

sympathetic influence on the sinoatrial node of the heart. NI results concur with 

this, with the success rates occurring most often during interoception. Since 

participants with SCI were more successful during the actual breathing instead of 

just after, this could indicate an alternate route to BP modification and increase 

the likelihood of breathwork being a useful adjunct tool for BP modulation in this 

population. 

Another indication participants with SCI may have relied more on an 

alternate BP modification route, in addition to or instead of the normal baroreflex 

route, are the results of autonomic testing. Only one participant with SCI showed 

a normal cardiovagal response in both the Valsalva ratio and HR measured 

through paced deep breathing. Despite the majority of participants with SCI 

showing vagal abnormalities, they were successful in relaxation cycles in a range 
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of 31-90%. The majority of participants with SCI also showed adrenergic 

deficiencies as measured by head-up tilt, yet participants had successful 

stimulation cycles in a range of 30-88% percent of the time. The participant with 

SCI who was most successful at 88% of stimulation cycles, showed orthostatic 

hypotension both pre and post and had an AIS rating of A (motor complete). This 

participant’s success in raising their MAP is an example of how ratings of 

complete injuries may not always be autonomically complete. 

High HRV is considered cardioprotective in people without cardiovascular 

arrhythmias.204 Low HRV correlates with all-cause mortality and is a strong 

indicator of future health problems.205,206 HRV reflects the ability to adaptively 

respond to stress.39,40 HRV showed significant improvement in our study. To 

indicate whether the increase in BP variability seen in this training may also be 

cardioprotective, we did a correlation analysis between HRV and the coefficient 

of variation of MAP. The positive correlation we found may indicate that acute 

volitional BP modulation has different cardiovascular consequences than the 

detrimental BP highs and lows throughout the day for many people with SCI 

since higher HRV is a positive cardiovascular outcome. 

No studies to our knowledge have been conducted on the attenuation of 

hypotension with VR biofeedback, which indicates a research gap. Autonomic 

biofeedback using mental and/or VR imagery could be an effective adjunct tool 

for fast-acting, non-pharmaceutical BP modification and HRV improvement for 

people with and without SCI. 

  



109 

CHAPTER VI 

QUALITY OF LIFE AND INTEROCEPTION SURVEYS 

Introduction 

During the proof-of-concept pilot study of our training protocol157 in 2021, a 

participant with cervical motor complete SCI reported to the researchers after her 

fifth training that she felt the urge to urinate for the first time since her injury. She 

said, “It was not an AD [autonomic dysreflexia] feeling, just a need to urinate”. 

This reported change in interoception (the sensing of internal body sensation) 

could have been a training effect, so we decided to include surveys about 

interoception and quality-of-life pre and post in our larger study. With our focus 

on both increasing and decreasing BP, physiologically, we went "back and forth," 

theorizing that the response of the baroreflex and arterioles would adapt for 

cardiovascular improvements, but also, we went "back and forth" psychologically, 

between relaxation and stimulation, which could have emotion regulation 

benefits.145,146,211 

For people with SCI, like everyone else, there is no one way that they feel 

or do not feel on the inside, regardless of their motor or sensory “completeness” 

of injury rating. Much of the visceral interoceptive signals are brought to the brain 

by afferent vagal and cranial nerve fibers. Since these pathways are not directly 

affected by SCI, these sensations should remain unchanged, as was found in a 

study of 66 people with cervical SCI, most reported no change in nausea, 
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hunger, or the feeling of visceral dread after their injury.212 Visceral vagal and 

cranial nerve interoceptive routes are not likely to change due to SCI. Still, 

interpretation of other signals such as nociception, temperature sensation, and 

the need for micturition and defecation, is likely to change since these signals 

travel via sympathetic afferent nerves in the dorsal column of the spinal cord.212 

Interoceptors are molecular sensors in peripheral neurons that transduce 

signals that the brain interprets. Some examples of interoceptors are 

chemoreceptors, mechanoreceptors, and nociceptors. In addition to the route of 

peripheral interoceptors to the CNS, other areas also receive interoceptive input 

such as vascular, endocrine, and immune areas.213 Interoceptive signals are first 

processed in brain areas such as the nucleus of the solitary tract, parabrachial 

nucleus, and thalamus,214 then higher brain regions such as the hypothalamus, 

insula, anterior cingulate cortex, and somatosensory cortex.215 The insula is 

activated when individuals consciously direct attention to their interoceptive 

sensations.216 Some conditions that alter interoception are chronic pain, 

anxiety,217 depression, PTSD,218 and obesity,219 all of which are also often 

comorbidities in people with SCI.220 The effects of modulating interoceptive 

networks remain largely unknown.204 To measure both interoception and quality-

of-life, we combined instruments from the Tulsky SCI Quality of Life7 surveys with 

the Body Perception Questionnaire.8 

The Body Perception Questionnaire to Measure Interoception 

Body awareness (interoception) and autonomic reactivity were surveyed 

with the Body Perception Questionnaire Shortform.8 This instrument was not SCI-
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specific, as it was validated in the general population. The T-scores are based on 

a combined sample of American participants recruited online (n = 2048). 

Participant age ranged from 18 to 95 years (Mean = 46.34, SD = 17.19). Fifty-

one percent (51%) were female. The Body Perception Questionnaire8 measures 

interoception and autonomic reactivity and is based on Stephen Porges’ 

Polyvagal Theory.39 One of the tenets of the theory is that people who have been 

through psychological trauma have less interoceptive awareness and more 

autonomic reactivity due to adaptations in their autonomic responses to 

danger.221 Though medical procedures are not considered a cause of PTSD in 

the Diagnostic and Statistical Manual of Mental Disorders,222 people with SCI are 

highly likely to be diagnosed with PTSD whether from the trauma of the situation 

in which the injury occurred, or the adaptation to life after the injury.201,223 

Polyvagal theory describes how our physiological state is involved with our 

psychological state during and after trauma. Porges postulates that there is a 

hierarchy of responses to danger, depending on our nervous system’s adaptation 

to trauma. According to the theory, there are two distinct vagal circuits, both 

approximately 80% afferent and 20% efferent: 224  the ventral vagal complex and 

the dorsal vagal complex. Both pathways begin in the medulla. The ventral vagal 

complex leads to the supradiaphragmatic effectors: the heart, lungs, face, throat, 

and head. These fibers are evolutionarily newer, myelinated, and cause the 

classic and physiologically beneficial “rest and digest” response.  When humans 

feel safe, this part of the vagus nerve dominates.39 Efferent pathways of the 

dorsal vagal complex lead to the subdiaphragmatic effectors such as the 
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stomach, liver, pancreas, and kidneys. They are unmyelinated, and cause less 

beneficial (but sometimes necessary for survival) “freeze” response: bradycardia, 

sometimes syncope, and potentially death.39 

It is well established that chronic activation of the sympathetic nervous 

system causes many detrimental physiological and psychological effects. The 

sympathetic nervous system evolved because mammals needed more oxygen to 

respond to stressors as they transferred from ocean-dwelling to land-dwelling.225 

According to Porges, if the sympathetic nervous system engages for a person to 

run from a situation and they cannot — for whatever reason (for example being 

“pinned” into a car in an accident, or physically restrained as a rape victim, or any 

injury that immobilizes us, such as a SCI) the older unmyelinated part of the 

vagus nerve (the dorsal vagal complex) takes over with a consequential “freeze” 

response: bradycardia, possible syncope, even possible death. Chronic 

activation of the dorsal vagal complex, like an overreactive sympathetic 

response, also can cause detrimental effects.39 When the dorsal vagal complex 

is activated due to trauma we cannot physically get away from, the nervous 

system does not shift easily back to homeostasis.221  Seen from the perspective 

of the Polyvagal Theory, the inherent physical and psychological trauma of SCI, 

especially the immobilization and altered sympathetic autonomic response, make 

the answers to the Body Perception Questionnaire survey fascinating. The only 

other study that could be found that used this survey in the SCI population was a 

study of 45 people with paraplegia. In this study, people with incomplete injuries 
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had greater interoceptive awareness than those with complete injuries as 

measured by the Body Perception Questionnaire.226 

Tulsky Quality of Life Surveys for People with Spinal Cord Injuries 

The Tulsky SCI-QOL is a series of quality-of-life surveys validated in the 

SCI population.7 Scores use a standardized T-metric, with a mean of 50 and a 

standard deviation of 10. Higher scores represent a greater amount of the 

construct being measured. For example, for resilience, a T-score of 60 would 

represent an individual functioning at one standard deviation better than the 

mean of the SCI population. For Bowel Management Difficulties, a T-score of 60 

would indicate an individual performing one standard deviation worse than the 

mean of the SCI population. Qualitative input to validate the survey was obtained 

through interviews, focus groups, and cognitive debriefing of individuals with SCI 

and clinicians. Item pools were tested in a multi-site sample (n = 877) and 

calibrated using item response theory. Initial reliability and validity testing was 

performed in a sample of individuals with traumatic SCI (n = 245).227 

Methods of Administering the Surveys 

We combined the Tulsky SCI QOL surveys for bowel difficulties, bladder 

difficulties, anxiety, depression, pain, pressure ulcers, trauma, and resilience, 

with the Body Perception Questionnaire into an online Qualtrics survey 

distributed through the University of Louisville to the participants. We used a 

sliding bar answer format, in hopes that this would make answering easier for 

participants with limited hand mobility.  
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Pre-surveys were administered within four days of beginning training and 

post-surveys within four days of training completion. Pre- and post-surveys were 

identical except for two questions at the end of the post-survey: “Do you feel 

better?” and “Is there anything else you would like us to know?” With a small 

sample size such as ours (N=13) we knew significance would be difficult to 

determine, but the possibility of a clinical effect could be elucidated through these 

two qualitative questions. 

Raw scores were transformed into T-Scores with validated scoring tables 

with open-source availability for all the surveys. Increased scores in bowel and 

bladder difficulties, anxiety, depression, pain, pressure ulcers, trauma, and 

autonomic reactivity would show worse functioning while increased scores in 

resilience, and interoception would show better functioning. 

Results 

Figure 29 shows the pre- and post-Tulsky Quality of Life T-scores; no significant 

difference was found between pre and post. 
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Figure 29: Tulsky Quality-of-Life for people with SCI scores showed no 
significant change from pre to post. Outcome measurements included bowel and 
bladder difficulties, anxiety, depression, pain, pressure ulcers, and trauma. In this 
box and whisker plot, the box represents the interquartile range. The lines 
extending up and down away from the box end in maxima and minima 
respectively. The line in the center of the box is the median. The dots above and 
below the boxes denote outliers. 

 

Figure 30 shows the pre and post-test T Scores for the Body Perception 

Questionnaire.8 No significant differences were found in pre or post. 
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Figure 30: The Body Perception Questionnaire showed no significant change 
from pre to post. Body Awareness T-Scores: Supradiaphragmatic Reactivity 
(SUPRA), Subdiaphragmatic Activity (SUB), Body Awareness/Interoception. 

Table 7 shows the (adjusted) p-values produced from a paired t-test, 

comparing the pre-and post-test results for each measurement’s “T” column. The 

p-values are adjusted according to the Benjamini-Hochberg procedure to correct

for multiple testing by decreasing the false positive rate. Please note that if every 

p-value is non-significant, this procedure may set each p-value to a common

non-significant value, as seen with the Tulsky measurements. 



 

117 
 

 

Table 7: Pre and post-values from the combined surveys of selected Tulsky QOL 
for SCI227 surveys and the Body Awareness Questionnaire.8 Neither showed 
significant change. 

 

At the end of the post-survey, we asked participants two questions: 

1. Is there anything else you would like to tell us? 

2. Do you feel better? 

Three participants responded to the first question: 

1. “I enjoyed learning the breathing techniques and have incorporated them 

into my daily routine.” 

2. “I have been using the technique for lowering my BP, almost every day 

either to calm down from a PTSD episode or to help me relax my entire body for 

sleep. It was amazing to learn how much can change with just breathing 

differently.” 

Measurement Adjusted P-values 
Tulsky
Bladder 0.879
Bowel 0.879
Ulcer 0.879
Anxiety 0.879
Depression 0.879
Pain 0.879
Trauma 0.879
Resilience 0.879

Porges
Body Awareness (Interoception) 0.6
Supra-Diaphragmatic Reactivity 0.454
Sub-Diaphragmatic Reactivity 0.092
Autonomic Sensitivity 0.101
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3. “The breathing exercises have been useful in my normal life, especially

the lowering BP side. It helps with calming racing thoughts and focus when I'm 

thinking about too many things at once. I suspect the breathing has been the 

most effective, but I also have "emotional blunting" due to medications, etc. so I 

rarely feel anything particularly strongly. I was impressed by how effective the 

breathing techniques were for that reason.” 

Out of the 12 responses to "Do you feel better?" ten participants responded yes 

and two responded no.  

Discussion 

We did not find a significant quantitative difference in responses in the 

quality-of-life surveys or the interoception and autonomic reactivity surveys from 

pre to post. The written answers to the qualitative questions indicate the protocol 

may improve quality of life in areas such as improving sleep, reducing BP and 

PTSD, calming “racing thoughts”, improving focus, and “feeling better” in general. 

Respondents’ mean interoception percentile (49th) indicates that people with 

cervical SCI may have the same levels of interoception as approximately half the 

population of NI people, despite their impaired sympathetic response. 
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CHAPTER VII 

CONCLUSIONS 

Biofeedback is efficacious in modifying BP in both NI and people with SCI 

as shown in previous studies.5,6,100,101,180,181  In these previous studies of 

participants with SCI, the main research question was whether the autonomic 

nervous system adapted solely via cognitive focus, without skeletal muscle or 

respiratory influences on BP.6,100,101 People with cervical SCI were included as 

participants in these studies not to create a tool for them to use, but because 

their paralysis eliminated the contribution of skeletal muscle to BP changes.  

Our research group focused more on the development of a tool for BP 

modulation. Our concept is akin to high-intensity interval training in which brief 

periods of intense exercise rotate with relaxation or low-intensity exercise.106 

High-intensity interval training is more effective for positive cardiovascular 

adaptations than both continuous moderate exercise and continuous intense 

exercise by themselves.106 Our 30 minutes of oscillating stimulation then 

relaxation training showed the most change in MAP acutely:  most often during or 

just after the 30 second breathing portion.  Brahmari was the breathing to lower 

BP, and kapalabhati was the breathing to increase BP. 

Future directions include isolating the breathing to compare its efficacy 

with this protocol. Because BP increases with the stimulating breathing, 



 

120 
 

kapalabhati, it is important to point out that the participants only did three rounds 

of ten quick breaths for approximately 30 seconds in every three-minute cycle, 

with a normal breath in between the ten. We designed it this way to keep the 

breathing safe and to avoid over-stimulation. Though this breath could be useful 

during hypotensive episodes, it also has the potential to be abused, in for 

example, the dangerous athletic practice of intentionally inducing autonomic 

dysreflexia, known as “boosting” to improve athletic performance.228 This is a 

possibility only if the breath were to be used for too long or used without quiet 

breathing in between the fast cycles. The acute, short-term increases found in 

our study make inducing autonomic dysreflexia unlikely, but further studies of the 

breathing methods would be warranted. 

We found our protocol to be effective in modifying BP acutely during 

training and increasing HRV when comparing rest periods before and after 

training, but no significant change in HRV or BP was found in pre-post 

measurements. Despite most participants with SCI showing both cardiovagal and 

adrenergic abnormalities in pre-post testing, they had a success rate in relaxation 

cycles a range of 31-90%, and successful stimulation cycles a range of 30-88% 

percent of the time. The participant with SCI who was most successful at 88% of 

stimulation cycles, showed orthostatic hypotension both pre and post and had an 

AIS rating of A (motor complete). This participant’s success in raising their MAP 

is an example of how ratings of complete injuries may not always be 

autonomically complete, or discomplete.229 For modifying BP, the protocol may 

be most useful when acute changes are needed. Some of the examples of times 
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in which this protocol could be useful for people with SCI are during a bout of 

orthostatic intolerance, autonomic dysreflexia, transferring, exercise, sex, a 

bowel program, or even when trying to increase concentration on an activity due 

to hypotension’s detrimental cognitive effects. 

Our findings of increased HRV across spectra when comparing the five-

minute rest periods before and after training invites future exercise research. 

People with cervical SCI have difficulty increasing HR during exercise, which 

limits beneficial cardiovascular adaptations.230 This breathing could be added to 

an exercise protocol to determine possible HR improvement. Supporting this 

idea, studies of acute sympathetic stimulation through sperm removal in men 

with cervical SCI have shown improvement in left ventricular function.  Our study 

could possibly be considered acute sympathetic stimulation during the 

kapalabhati stimulating breathing, though more direct sympathetic 

measurements would be warranted to confirm this. Most likely, the stimulating 

breathing BP increases were due to increased actions of the respiratory pump. 

Irrespective of the mechanistic origin, MAP variability increased during training, 

which could provide an adaptive cardiovascular challenge. 

Some of our hypotheses were refuted. NI participants had more 

successful cycles and more changes in mmHg of MAP in these successful cycles 

than participants with SCI. However, when looking at total cycles, whether or not 

the cycles changed at least 5mmHg, there was no difference attributed to injured 

status. This similar overall data from both cohorts suggests an alternate BP 
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modification route for the participants with cervical SCI since their normal route of 

sympathetic vasoconstriction is compromised.  

Virtual Reality and mental imagery had similar effectiveness on MAP 

changes. Since mental imagery is more difficult to produce than visual perception 

such as VR,114,188 and mental imagery has the potential to be retraumatizing, VR 

could be a useful tool for BP modification. Also, in the virtual world, visual and 

motor frames of reference have been shown to create learning and spatial maps 

in the brain just as effectively as non-virtual visual perception.209 For people with 

limited hand mobility, the technology of VR continues to advance with eye 

tracking and haptic improvements which could make rehabilitation both more fun 

and more effective for this population. 

The surveys did not show quantitative changes in interoception or quality 

of life outcomes, yet the qualitative responses indicated the protocol could be 

useful for improving sleep, lowering BP, attenuating PTSD, calming “racing 

thoughts,” improving focus, and “feeling better” in general.   

Several interesting findings in our study led to more questions we 

investigated in addition to our original proposal’s specific aims. HRV and BP 

variability showed significant changes during the rest periods before and after 

training; this led to our seeing if they correlated. The positive correlation we found 

could mean that acute volitional changes in BP (which occurred during the 

training) may be more cardioprotective than the many daily ups and downs of BP 

during the day for many people with SCI.  
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Specific HRV frequency analyses of the five- minute rest periods before 

and after training indicated an increase in all mechanisms of HRV change, 

especially RAAS (VLF), which could be less cardioprotective than if the changes 

were mostly in vagal (HF) or baroreflex (LF) changes. Evidence from the general 

population correlates increased RAAS with detrimental inflammation, vascular 

restructuring and vascular fibrosis, 231,232 although there also exists an alternate 

RAAS route that is beneficial and decreases inflammation.29 In previous studies, 

people with cervical SCI have shown higher renin levels during orthostatic 

challenge than noninjured people which supports the possibility of increased 

RAAS being the mechanism for increased VLF HRV in our study.169,233,234 

The HRV analyses compared the five-minute rest period before training to 

the five-minute rest period after training. The training itself was approximately 30 

minutes. Thirty minutes is sufficient for RAAS to be a possible mechanism for 

these HRV changes.30-33 These changes in HRV frequency may indicate 

mechanisms, but it would be important in future research to combine other 

knowledge with this, as many changes could have taken place due to the variety 

of molecular, mechanical, hormonal, and psychological influences on 

hemodynamic changes. It is also important to remember that all HRV spectra 

showed significant increases in both participants with SCI and NI participants: 

VLF, indicating possible RAAS influences, yet also increased vagal (HF) and 

baroreflex (LF) contributions. 

Higher HRV is correlated with higher interoception.39 Since our data 

showed HRV increases from the five minutes before training to the five minutes 
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after training, this creates an interesting perspective from which to frame new 

research questions. In SCI research, there is much focus on sensory and motor 

function, less on autonomic, and even less on interoception. But something as 

seemingly innocuous as feeling when you have to urinate, while not so important 

to the NI population, could be life-changing for someone with a SCI.  

Our protocol of biofeedback using virtual reality, conscious interoception, 

and breathing exercises showed the most change in acute MAP during or just 

after the breathing potion of training, and HRV across spectra before and after 

the 30-minute training, possibly most influenced by RAAS, though this warrants 

further research including measurements of plasma renin levels. Heart rate 

variability measurements for people with altered autonomic nervous systems, 

such as people with cervical SCI, may show differing mechanisms, adaptations, 

and prognostic implications than NI people. This must be kept in mind for future 

studies. Autonomic biofeedback using VR, conscious interoception, and specific 

breathing exercises could be a useful tool for BP adjustments and HRV 

improvement for people with and without SCI. 
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