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ABSTRACT

Persons with a spinal cord injury (SCI) above the sixth thoracic vertebrae commonly
experience autonomic dysreflexia (AD), 90 percent of individuals with this level of injury are
susceptible to AD which is associated with an increase in sympathetic nerve activity. Left
untreated AD causes a paroxysmal rise in blood pressure that may result in seizures, heart attack,
or even death. This project investigates how AD affects QT interval, RR interval, P wave height,
heart rate, and QRS width both during an event and long term to help identify potential cardiac
risks for individuals with SCI who experience chronic AD. Sympathetic tone has been shown to
influence QT interval changes that can be indicative of an increased risk of arrhythmia, which
can be exacerbated by recurring episodes of AD.

A rat spinal cord injury model at the T3 level undergoing colorectal distention (CRD)
was used to induce AD. Electrophysiological recordings from an implanted ECG sensor and
noninvasive skin nerve activity (SKNA) sensor array during normal baseline and three trials of
CRD were collected on days 5, 7, 9, 11, 14, 16, 19, and 21 post-SCI. Custom MATLAB
algorithms were used to identify the QRS complex and T-peaks from the implant ECG signal.
QT interval measurements were taken for 2 minutes of baseline and for 2 minutes after the
initiation of each CRD trial. Corrected QT interval (QTc) was calculated using normalized
Bazett’s formula to account for the impact of heart rate on QT interval.

It was found that the rats’ susceptibility and reaction to AD events varied between
subacute (5-14 days) and chronic phases of SCI. During the chronic phase the incidence of AD
events increased during regular occurrences of CRD as indicated by above-threshold (>15
mmHg) blood pressure spikes. AD events also resulted in increased QT interval short term
variability marking an increased risk of arrythmias. Baseline P-wave height and QTc interval
were also increased while QRS complex width decreased resulting in potentially detrimental
cardiac effects. This rat model showed that humans who experience recurrent AD during the

chronic phase of SCI may be at increased risk for arrythmia.



1. INTRODUCTION

1.1 Overview

There are approximately 302,000 people with traumatic spinal cord injury (SCI) living in
the United States with 18,000 new cases every year (National Spinal Cord Injury Statistical
Center, 2023). The primary dangers are immediate and a secondary injury cascade is initiated,
resulting in further damage due to swelling and cellular activity changes (Ahuja et al., 2017; U.S.
Department of Health and Human Services, 2023b). When SCI at the cervical or thoracic level
occurs the autonomic nervous system which maintains homeostasis in the body no longer
functions properly. The parasympathetic and sympathetic nervous systems are no longer able to
communicate resulting in sympathetic blunting and parasympathetic dominance (Henke et al.,
2022). This result may cause individuals with SCI to experience orthostatic hypotension,
thermoregulatory dysfunction, respiratory complications, and gastrointestinal dysfunction
(Henke et al., 2022; World Health Organization, 2023).

In addition to these complications individuals with high level SCI can experience
autonomic dysreflexia (AD), an uncontrolled sympathetic response due to a noxious stimulus
below the line of injury (Linsenmeyer et al., 2020). This stimulus is commonly a full bladder but
can also be caused by fecal impaction, pressure sores, sunburn or even a too tight shoelace
(Cragg & Krassioukov, 2012). Ninety percent of individuals with a high-thoracic or cervical SCI
are susceptible to AD and can experience it up to 40 times a day; on average they will experience
more than 400 episodes a month (Allen & Leslie, 2023; Linsenmeyer et al., 2020). If AD is not
treated quickly and adequately it results in sustained hypertension which can cause organ failure,
hemorrhagic stroke, and death (Allen & Leslie, 2023).

AD is a cardiovascular condition resulting from impeded cardiovascular regulation
(Sharif & Hou, 2017). During normal cardiovascular autonomic control excitatory and inhibitory
afferents are communicated to the nucleus tractus solitarus (NTS) through the vagus and
glossopharyngeal nerves. Then the cardiovascular centers receive the information from
secondary neurons and create the proper modulatory signals resulting in inhibitory and excitatory
efferents being sent to the heart and vasculature (Sharif & Hou, 2017). Impaired cardiovascular

function in SCI is the result of the loss of supraspinal control over the sympathetic preganglionic
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neurons that control the heart and blood vessels (Sharif & Hou, 2017). Since the spinal and
peripheral cardiovascular circuitry below the line of injury are not destroyed, it results in
disjointed cardiovascular activities including cardiac arrhythmias and abnormal basal and
orthostatic hemodynamics (Sharif & Hou, 2017). As a result of SCI individuals experience an
unchanged central venous pressure and a decrease in total peripheral resistance and cardiac
output (Grigorean et al., 2009). Case studies have reported patients who experience AD
developing atrial fibrillation and other types of arrhythmias without any underlying disease that
would predispose them (Pine et al.,1991; Forrest, 1991).

Arrhythmias can be seen in electrocardiograms (ECG) which record the electrical activity
that initiates the contractions and relaxations of the heart (Badr et al., 2022). ECG recordings can
be collected through non-invasive electrodes which can then be filtered to show skin nerve
activity (SKNA) (Doytchinova et al., 2017). These non-invasive electrodes require the animal to
be still to record accurately. Radiotelemetry devices allow ECG and blood pressure data to be
recorded in free animals more accurately but require implantation surgery (Cesarovic et al.
2011).

The overall objective of this thesis was to understand how autonomic dysreflexia impacts
the heart. This was broken down into two main components; understanding how the heart
function changes during an AD event and how recurrent AD affects heart function long term,

specifically to understand if AD increases the risk of arrythmias post SCI.

1.2 Research Problem

Spinal cord injury above the T6 level results in a lack of coordination between the
parasympathetic and sympathetic nervous systems. This causes dysfunction throughout the body.
Negative impacts include autonomic dysreflexia and long-term cardiac changes. However, the
specific impact of recurrent AD on cardiovascular system function has not been studied.
Understanding how AD affects the changes to heart function seen after SCI can help inform
healthcare providers on specifics of what they should be looking for and improve targeted risk
prevention of potentially deadly effects of AD.
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1.3 Research Questions

For this thesis a rat SCI model was used to investigate physiological parameters as baseline and
during autonomic dysreflexia events. The following research questions were addressed:

1) Isthere a change in QT interval behavior seen during AD events?

Hypothesis: QT interval variability will increase during an AD event.

2) Do the ECG parameters RR interval, P wave height, and QRS width change during an
AD event?
Hypothesis: An increase in RR interval, P-wave height and QRS width will be seen with

noxious stimuli introduction.

3) Does AD occurrence cause long term effects in heart function?
Hypothesis: Increased AD occurrence will result in overall decreased heart function and

increased risk of arrythmias.

1.4 Contribution

This thesis focuses on analyzing the ECG parameters R-R interval, P-wave height, QRS
width, and QTc interval to understand potential cardiac consequences of recurrent AD. It
specifically aims to understand how the risk of arrythmia is affected by AD events both short and
long-term. Understanding how AD affects these parameters would allow individuals to use
targeted interventions to reduce the potentially deadly effects of AD.

1.5 Thesis Structure

The first chapter provided a general overview of the problem and information covered in
the remaining chapters. Chapter two focuses on the background of the autonomic nervous system
and spinal cord injury. Then chapter three focuses on the experimental protocol and data analysis
methods used. Chapter four provides the results of direct comparison of the parameters between
AD and baseline. Chapter five then goes over the long-term analysis of these parameters.

Chapter six, the final chapter, discusses the conclusions, limitations, and future work.
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2. BACKGROUND AND LITERATURE REVIEW

2.1 The Autonomic Nervous System

The autonomic nervous system (ANS) regulates the involuntary physiologic processes
playing a crucial role in homeostasis. These processes include controlling cardiac muscle
contraction, gastrointestinal and bladder functions and regulating blood pressure, heart rate,
breathing rate and body temperature (Gordan et al., 2015; McCorry, 2007; Waxenbaum et al.,
2022N). The ANS comprises two main interacting components: the sympathetic nervous system
(SNS) and the parasympathetic nervous system (PNS). The SNS governs the “fight or flight”
response while the PNS governs the “rest and digest” response (Alshak & Das, 2023; Tindle &
Tadi, 2022; Waxenbaum et al., 2022). The PNS neurons begin with cranial nerves Ill, VII, IX,
and X as well as sacral spinal roots. The SNS neurons start at the thoracic and lumbar sections of
the spinal cord (Patel, 2015). Both systems contain afferent and efferent fibers which receive
sensory input and provide motor output (Waxenbaum et al., 2022).

A key component regulating blood pressure are baroreceptors which inform the
autonomic nervous system of blood pressure changes on a beat-to-beat basis. Baroreceptors are
located in the walls of large system arteries and track the stretch of arteries (Figure 2.1), the
higher the blood pressure the more the arteries stretch (Armstrong et al., 2023; Hall, 2021).
When blood pressure is changing the baroreceptors transmit more rapidly than they do when the
blood pressure is stagnant, relaying excitatory and inhibitory afferents. A rapid decrease in blood
pressure results in a decrease in the stretch of the artery wall and a decrease in transmission of
the baroreceptors. These signals are transmitted to the tractus solitarius in the medulla, at which
point secondary signals excite the medulla’s vagal parasympathetic center and inhibit its
vasoconstrictor center (Hall, 2021; Sharif & Hou, 2017). This results in vasoconstriction and

increases cardiac output in turn increasing blood pressure (Armstrong et al., 2023).
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Figure 2.1. Normal autonomic nervous system control of cardiovascular system (La Rovere &
Christensen, 2015).

Sympathetic control of the cardiovascular system is mainly noradrenergic (Charkoudian
& Rabbitts, 2009). Cardiovascular regulation involves sympathetic preganglionic neurons (SPNs)
located between T1 and L2 spinal levels in the intermediolateral cell column of the lateral horn
and gray commissure. Those located between T1 and T4 are key as they connect with the
sympathetic postganglionic neurons through synapses with the sympathetic chain ganglion
(Sharif & Hou, 2017). The SPNs located between T5 and L2 connect to the collateral ganglia
then synapse directly to the sympathetic post ganglionic neurons. The cardiac sympathetic
innervation includes the sinoatrial node, myocardium, and peripheral vasculature. The sinoatrial
node stimulation increases heart rate through increasing the slope of diastolic depolarization, the
myocardial effects result in an increased stroke volume, and the peripheral vasculature constricts
(Charkoudian & Rabbitts, 2009).

Parasympathetic regulation of the cardiovascular system is independent of the spinal cord,
acetylcholine acts as a messenger between the pre and post ganglionic neurons. The
preganglionic neurons synapse with the postganglionic cells which synapse onto the heart (Sharif
& Hou, 2017). Parasympathetic regulation of the sinoatrial node results in hyperpolarization of

the action potential resulting in a decrease in heart rate. The peripheral vasculature is not directly
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affected by the parasympathetic nerves however, they stimulate the release of nitric oxide which

causes vasodilation of smooth muscles (Sharif & Hou, 2017).

2.2 Autonomic Dysfunction in Spinal Cord Injury

With a SCI at or above the T6 level the sympathetic and parasympathetic nervous
systems are no longer coordinated due to the interruption of neural communication (Wecht et al.,
2020). This results in parasympathetic dominance and sympathetic blunting (Figure 2.2). The
lack of coordination in regulation between the two systems results in gastrointestinal,
genitourinary, thermoregulatory, respiratory, and cardiovascular dysfunction (Henke et al., 2022).
It may also result in autonomic dysreflexia, an urgent condition caused by a noxious stimulus
(Ahuja et al., 2017).
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Figure 2.2. High level SCI effects on cardiovascular system (Ahuja et al., 2017).

Gastrointestinal and genitourinary dysfunction can result in urinary incontinence,
inability to empty the bladder, and recurrent urinary tract infections. It may also cause an acute
or chronic increase in gastric acid secretions, concomitant constipation, and bowel incontinence
(Ahuja et al., 2017; Henke et al., 2022). Due to sympathetic blunting, warm blood from the
body's core is not shunted to the periphery for cooling at the surface of the skin and inhibits
sweating below the line of injury. In warm environments this can cause neurogenic fever. In cold
environments the core temperatures can drop significantly resulting in hypothermia (Henke et al.,
2022). Respiratory complications are the number one cause of death in people with chronic SCI
(Ahuja et al., 2017). Parasympathetic dominance leads to bronchiolar constriction, increased
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mucus secretion, and hyper-reactive airways. SCI also results in ineffective cough and increased
fatigue which can cause recurrent pneumonia and mucus plugging (Ahuja et al., 2017; Henke et
al., 2022).

Orthostatic hypotension is a common result of the compromised sympathetic outflow
caused by SCI (Ahuja et al., 2017). Orthostatic hypotension occurs when blood pressure drops
suddenly when moving to a standing position, symptoms include dizziness, nausea, and syncope
(U.S. Department of Health and Human Services, 2023a). Other results of cardiovascular
dysfunction include neurogenic bradycardia, risk of AV block, diminished venous vascular tone,
and adaptive myocardial atrophy (Henke et al., 2022).

For patients with injuries at or above the T6 level autonomic dysreflexia (AD) poses a
potentially deadly problem, increasing risk of stroke by 300 to 400 percent (Allen & Leslie,
2023). Autonomic dysreflexia is a sudden increase of at least 20 mmHg in systolic blood
pressure caused by a noxious stimulus below the line of injury (Harvey, 2008). Significant
episodes of AD see a blood pressure increase of at least 40 mmHg. Common noxious stimuli that
can trigger AD include urinary tract infections, distended bladders, and fecal impaction (Allen &
Leslie, 2023; Cragg & Krassioukov, 2012; Harvey, 2008). The initial symptom of AD is often a
severe headache, other symptoms include sweating in the lower part of the body, facial flushing,
and bradycardia (Allen & Leslie, 2023). The noxious stimulus excites neurons in the sympathetic
chain resulting in unchecked reflex responses. This results in diffuse vasoconstriction below the
level of injury causing a significant blood pressure increase. Above the level of injury, the
parasympathetic system responds with vasodilation; however, it is unable to compensate for the

vasoconstriction below the level of injury (Allen & Leslie, 2023; Harvey, 2008).

2.3 Prevalence of SCI and Autonomic Dysreflexia

Between 250,000 and 500,000 SClIs occur around the world every year (World Health
Organization, 2023). Out of the developed regions North America has more incidences of
traumatic spinal cord injury than Australia or Western Europe with approximately 18,000 new
cases a year (Ahuja et al., 2017; National Spinal Cord Injury Statistical Center, 2023). Vehicle
crashes and falls are the most common cause of traumatic SCI, violence is also a common cause,
it, and self-harm account for the increased incidence in North America. Seventy-nine to eighty

percent of new traumatic SCI cases are male with the greatest incidence occurring between ages
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15 to 29 and as the older population grows and increase in SCI is seen in the population over 60
years of age (Ahuja et al., 2017; National Spinal Cord Injury Statistical Center, 2023). Premature
death is two to five times more likely in individuals with SCI (World Health Organization,
2023). One of the most common causes of death is cardiovascular disease which can be caused
by abnormal blood pressure control (Lee & Joo, 2017).

Autonomic dysreflexia is one condition resulting in abnormal blood pressure control and
an increase in sympathetic activity as measured by skin nerve activity bursts (Kirby, 2022). AD
commonly occurs in individuals with injury at the T6 level or higher and can be triggered by
noxious stimuli such as distended bladders and fecal impaction (Ahuja et al., 2017; Allen &
Leslie, 2023). In a study of 28 individuals, it was found that the incidence rate of asymptomatic
AD was 42.9 percent with an overall AD incidence of 92.8 percent (Lee & Joo, 2017). Another
study of 571 patients found that 24.7 percent of patients were diagnosed with asymptomatic AD.
The incidence rate of AD was the greatest in patients who used reflex voiding as their bladder
emptying method while those who used continent spontaneous voiding had the lowest rate of AD
(Furusawa et al., 2011). With life threatening complications it is important that AD is prevented
long term and quickly detected and treated when it does occur. With a high incidence of
asymptomatic AD, it is important that all individuals with SCI are monitored and aggressively
diagnosed (Ahuja et al., 2017; Lee & Joo, 2017).

2.4 Impacts on the Heart and QT Interval

SCl is associated with an increased risk of cardiovascular disease and chronically alters
the structure and function of the cardiac system. Sympathetic blunting results in altered cardiac
loading and reduced inotropic function resulting in reduced cardiac output and left ventricular
volume (Fossey et al.,2022; Henke et al., 2022). In addition, after initial injury 60 percent of SCI
patients experience consistent orthostatic hypotension which for most patients gradually resolves
within a few months (Ahuja et al., 2017). Other cardiac complications that may occur include
cardiomyocyte atrophy and reduced left ventricle contractility (Fossey et al.,2022).

Individuals with cardiovascular disease show increased mortality with QT interval
prolongation (Diedrich et al., 2002). The QT interval represents the duration of ventricular
activation and recovery (Ambhore et al., 2014). QT interval prolongation is associated with

syncope, cardiac arrest, and lethal arrhythmias including torsade de pointes (Al-Akchar &
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Siddique, 2022). The variability of the QT (QTV) interval measures the fluctuation in QT
interval duration and shows cardiac electrical instability (van den Berg et al., 2019). Increased
QTV is a predictor of malignant ventricular arrhythmia including frequent ventricular fibrillation
(Baumert et al., 2011; Bigger, 1983).

SCI does not always result in cardiovascular disease but may still result in changes to the
QT interval. Studies have shown that individuals with an SCI level < T6 had longer QT and QTc
intervals and an increased incidence of QT prolongation during the acute phase (defined as
within 24 hours of injury) compared to the chronic phase of SCI (1 year after injury). QT
prolongation can predict occurrence of torsades de pointes (Isoda & Segal, 2003). For
individuals with an injury > T6 there were no significant differences in electro cardiac
parameters (Chung et al., 2011). They also found that the QTc could be used to predict mortality,
and individuals who died within 30 days of injury had longer QT and QTc intervals (Chung et
al., 2011). Other studies have shown that while individuals with SCI have cardiac autonomic
control differences when comparing individuals with low level SCI (T6 and below) with controls
of the same age and gender there was no significant difference in QTc (Heffernan et al., 2007).

A retrospective cohort study found that chronic SCI is associated with an increased risk
of atrial fibrillation (Forrest, 1991; Wang et al., 2016). Case studies have reported that risk of
atrial fibrillation may be increased by autonomic dysreflexia (Pine et al.,1991; Forrest, 1991).
One of which proposed that the patient's atrial fibrillation was induced by an autonomic
dysreflexia event (Pine et al.,1991). However, there has not been a study that directly links AD to
atrial fibrillation.
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3. ANIMAL MODEL

3.1 Model Selection

In SCI research 72% use rat models and 81% study thoracic SCI (Sharif-Alhoseini et al.,
2017). Sprague-Dawley outbred rats are extensively used for animal models of various
conditions including cardiovascular diseases and SCI (Mestre et al., 2015; Brower, 2015). The
majority of SCI studies use Sprague-Dawley rats (Akhtar et al., 2009).

Due to their outbred nature, they also have interindividual genetic variation seen in
humans (Banek et al., 2021). Rats are also preferred models of SCI as mice models show cell
proliferation at the site of injury, lack cyst formation, and some regeneration even with a
complete transection of the spinal cord. Humans and rats both commonly develop cysts,
formation of fibrotic tissue at lesion site, and with a full transection do not exhibit regeneration
(Kjell & Olson, 2016). The use of Sprague-Dawley rats over human models allows for greater
experimental control including diet, light, and temperature. Rat models also allow for a larger
sample size (U.S. Department of Health and Human Services, 2022).

The ability to use internal implants in the rats also offers the advantage of accurate
cleaner signal collection (Konopelski & Ufnal, 2016). This results in an ECG where features are
easier to extract for analysis. This study used the HD_S11 FO radiotelemetry implant from Data
Sciences International to record blood pressure, heart rate, body temperature, and ECG. The
implant has a sampling frequency of 1 Hz with a two-month battery life (AD Instruments, n.d.).
The implant works the Ponemah® program to record and analyze the detected information. For
the purposes of this study the automatic calculation of heart rate, RR interval, P-wave height, and
QRS width which Ponemah® provides through the implant software were used. The QT interval
was independently calculated due to difficulty detecting the T-wave. These parameters were able
to be calculated from ECG to provide insight on how the heart is functioning. RR interval is the
reciprocal of heart rate. While P-wave shows the atrial depolarization and the QRS complex is
the ventricular depolarization (Ashley & Niebauer, 2004). The QT interval shows ventricular
systole (Ambhore et al., 2014).

The use of external electrodes allows for the filtering and analysis of skin nerve activity

(SKNA). SKNA activity is a way to measure sympathetic nerve activity and can be used to
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estimate sympathetic tone (J. Chen et al, 2021; Everett et al., 2017;). Kirby showed that SKNA
features increased during AD before an increase in blood pressure was seen and were
significantly different between AD and baseline events (Kirby, 2022). SKNA bursts are sudden
increases in nerve activity and are associated with an increased short-term variability of the QT
interval (S. Chen et al., 2021).

3.2 Implant Surgery

To implant the radiotelemetry device before arrival to the Purdue research lab, Data
Science International (DSI) trained staff used rats weighing between 350 and 400g. During this
procedure the HD_S11 FO implant (DSI, USA) was placed in the intraperitoneal cavity with
abdominal cannulation. The electrodes were placed in a modified Lead Il configuration. The
catheter was inserted between the renal arteries and iliac bifurcation in the abdominal aorta and
the implant suture rib was incorporated into the abdomen wall closure. Before being sent to the

research lab the rats had 5 days of recovery time (‘HD-S Device Surgical Manual’, n.d.).

3.3 Acclimation

Upon arrival at Purdue the rats were housed individually in plexiglass cages with straw
bedding; they had access to food and water. For the first 2 days at the facility the rats were left to
acclimate to their environment. After acclimation to their new housing environment the rats
began the 4-week acclimation protocol (Kirby et al., in press). This protocol had 3 main phases,
1-acclimation to researchers, 2-acclimation to restraint, and 3-acclimation to sensors (Figure
3.1).
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Figure 3.1. Acclimation protocol phases.

During the first week of acclimation the rats were introduced to the researchers starting
with 10 minutes at a time and increasing to 20 minutes over three days. Researchers stuck their
hand in the cage and when the rats began to feel more comfortable initiated contact and tickling
(Cloutier, 2018). This allowed the rats to become familiar with the scent and sounds of the
researchers. Care was taken for researchers to maintain a similar smell throughout the entirety of
the protocol. During this time the rats were also introduced to the restraint tube which was
placed in their cage for them to explore. After each session the rats were rewarded with peanut
butter.

In the second week of acclimation (Phase 2) the animals were acclimated to their restraint.
They were restrained in the tube once a day starting at one minute, the next day was five minutes
then 10,15, and finally 30 minutes which was hit on day 14 from arrival to Purdue’s facility.

The third phase consisted of two weeks. The first week the rat was introduced to the
electrodes and during the second week the rat was introduced to the entire experimental set up.
During the third phase acclimation occurred every other day to reduce isoflurane exposure and
minimize the development of aversion to gas anesthesia. For electrode introduction the rats were
anesthetized with 4% isoflurane. The chest and lower right leg were then shaved, and Nair was

used to ensure that hair was fully removed, 70% ethanol was used to clean these areas. The
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electrodes were placed in a Lead | configuration using conductive gel. To ensure the electrodes
stayed in place the top ones were held by a piece of cloth and Velcro and the bottom one was
held with medical tape. The rat was then placed into the restraining tube. In week four the
alligator clamps and rodent snuggle were introduced. The snuggle was used to restrict movement
and help keep the electrodes secure. They were acclimated to the entire experimental set up

starting at 10 minutes increasing to 50 minutes over four days through the course of the week.

3.4 High Thoracic Spinal Cord Injury Surgery

After completion of the acclimation protocol the rats underwent a high thoracic spinal
cord injury surgery. They were anesthetized with 4% isoflurane, shaved at the surgical site,
cleaned with povidone iodine solution then placed on a heating pad using a tube to accentuate the
guide bone. To confirm sedation a toe pinch was used and then anesthesia was reduced to 2%
isoflurane. They were administered Ethiga (.1mL/200g SC), Meloxicam (1-2mg/kg SC), and
Baytril (9.1mg/kg SC). The rat was then draped under aseptic conditions (Squair et al., 2017)
The spine was exposed through a T1 - T5 midline incision. At the T3 level a laminectomy was
performed, exposing the spinal cord. Standardized forceps with 1.2mm thickness were used for
15 seconds to compress the spinal cord. The injury was verified by visually inspecting for
clotting patterns which would appear as a dark red line across the spinal cord. Once the injury
was complete the incision was closed with 4-0 prolene sutures, the area was cleaned with 70%
ethanol and triple antibiotic cream was applied over the sutures.

3.5 Post SCI Care

Once surgery was complete the rat’s bladder was manually expressed and 15mL of
lactated ringer solution was administered subcutaneously. The rats remained on the heating pad
and monitored until they were fully aware and awake. To confirm injury completion a toe pinch
was used. During this time a cage was prepped with ALPHA-dri(r) bedding to prevent
abdominal irritation, peanut butter, applesauce, Ensure and water to promote eating as SCI can
result in weight loss.

For the following three days the rats were administered Meloxicam and Baytril once a

day to reduce pain and prevent infection. If it was deemed necessary by the veterinarian,
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administration of these drugs continued. For the first 10 days post op, the rats had their bladders
manually expressed three times a day after which it was reduced to as needed. For all 21 days
post SCI injury the rats had their food changed and were weighed and monitored by trained
personnel. If animals lost more than 20% of their pre-op body weight, they were euthanized
(Ramsey et al., 2010).

3.6 Sensors

To collect data from the HD-S11-FO implant the restrained rat or rat cage were placed on
top of a receiver and turned on using a magnet. Ponemah ® Software (DSI, USA) was used to
acquire and summarize the real time blood pressure and ECG data collected from the implants.
The data was collected at 1kHz. Once data collection was completed the implants were turned
back off with the magnet to preserve their battery life.

For non-invasive data collection, disposable gel-based electrodes were placed in a Lead |
configuration (Figure 3.2a). The electrodes were secured using a snuggle (Figure 3.2b). These
electrodes were connected to a bio-amplifier on the Power Lab 26T (AD Instruments, USA) and
data was collected at 10kHz. The data was bandpass filtered at 500 — 1000 Hz to extract SKNA.

Figure 3.2. (a) Lead 1 placement of external electrodes and (b) External electrodes, alligator
clamps, and snuggle.

3.7 Induction of AD

Colorectal distension mimics visceral pain in humans and is a widely used noxious
stimulus in autonomic dysreflexia studies imitating fecal impaction (Hou et al., 2014; Jaffe &
Thompson, 2015; Krassioukov & Weaver, 1995; Ness & Gebhart, 1988; O’Mahony et al., 2012).

CRD experiments started on day 5 post SCI surgery. The rat was first anesthetized with

4% isoflurane. The external electrodes were placed along with alligator clamps (1 under their
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right front limb and one at their left bottom limb). A balloon inflated catheter was then lubricated
and placed 2 centimeters into the rectum. The rat was then wrapped in a snuggle and placed in a
restraining tube (Figure 3.3). They were then put on the receiver and given 20 minutes to wake
up and acclimate before inflating the balloon with 2 mL of air.

Figure 3.3. Experimental setup with external electrodes, alligator clamps, snuggle, restraint tube,
blackout box, and foley catheter.

As ECG data was simultaneously recorded by the implant and external electrodes the
alligator clips were used to deliver a 1 Volt single square pulse generated by a GRASS s48
Stimulator to align the signals. The clips were attached to the stimulator using a coax cable. A
button on the stimulator was used to initiate the pulse at the recorded time which also initiated
the inflation of the balloon catheter. For consistent inflation force and time, a 3D printed syringe
holder with a small motor was used (Figure 3.4). Inflation of the balloon occurred three times in
each experiment with 11 minutes between each initiation. The balloon stayed inflated for one
minute and then 10 minutes of recovery time was given. This experiment occurred on days
5,7,9,11,14,16,19 and 21 post SCI surgery.

Figure 3.4. 3D printed syringe holder for catheter inflation.
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3.8 Signal Processing

An AD event occurred when an increase of 15 mmHg from the mean systolic blood
pressure recorded by the implant was detected (Suresh et al., 2022).

Files were excluded from analysis due to excessive noise or saving failure.

The external electrode ECG was digitized at 10 kHz, and bandpass filtered from 500 to
1000 Hz to extract the SKNA features. This was then down sampled to 2 kHz and then integrated
over 100 ms in MATLAB to get the integrated SKNA (iISKNA). To find where bursting occurred
a dual threshold algorithm was applied. When the iISKNA amplitude passed the first threshold
the start of the burst was defined and when it passed the second lower threshold the end was

defined (Cole et al., 2019). Detected bursts can be seen as the red in Figure 3.5.
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Figure 3.5. Burst detection example. Bursts are represented by the red sections.

Detection of the T-wave in noisy conditions is difficult (Tiwari, 2021;Vazquez-Seisdedos
et al., 2011). To detect the T-peak the ECG was Savitzky-Golay filtered, and S-peak was found
using a wavelet transformation, with a defined peak prominence and height (Hargittai, 2005;
Bsoul et al., 2009). The overall peaks were detected again, those that appeared immediately after
the detected S-peaks were labeled at T-peaks. To detect the Q-peak the R peak was found
through taking the sections between each detected S-peak and finding the first location where the
derivative changes sign going backward through the signal. This same method was used for
finding the Q-peaks based on the R-peak locations; that point was then shifted to the local
minimum. All detections were verified by hand. Peak detection results can be seen in Figure 3.6.
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Figure 3.6. Peak detection results.

The tangent method was then used to determine the end point of the T-wave (Figure 3.7)
(S. Chen et al., 2021). The QT interval was calculated by taking the T-wave end point of each
heartbeat and subtracting the Q-peak. As QT interval varies with heart rate it was corrected using

a normalized Bazett’s formula QTc = QT//RR/f, f = 135 (Kmecova & Klimas, 2010). Short
term variability of the QTc interval (STVQTc) was calculated using:

sTvQTc = y30 1QTns — QTn|/30 /7 (Baumert et al., 2016; . Chen et al., 2021).
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Figure 3.7. Tangent method of finding the T-wave end point for QT calculations.

All other ECG parameter values were taken from the automatic calculations in
Ponemah®. All signals were synchronized using a 1-volt square wave pulse. These values were
lined up to the 1-volt shock removing the data immediately around it, removing the non-

physiological outliers at this location (Figure 3.8).
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Removal of Shock Influence
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Figure 3.8. Removal of calculated values influenced by 1-volt shock. The vertical red lines
which surround the vertical black line represent the start and end points of data removal due to
the 1-volt shock.
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4. GENERAL BEHAVIORS

Over the course of experimentation, a total of 128 AD events were triggered through CRD
in 10 rats. On average each rat experienced 12.8 events overall or 1.6 events on each trial day

ranging from a total minimum of 5 events to a maximum of 22 AD events.

4.1 Autonomic Dysreflexia vs. Baseline

An ANOVA with a Tukey Kramer Post-hoc Test showed that the QTc interval and
STVQTc were significantly different between baseline and AD events (p < 0.05). The average
baseline QTc interval was 52.32 + .08 ms while for AD it was significantly longer at 52.49 + .06
ms (Figure 4.1). AD also resulted in an increased STVQTc at 8.12 £ .01 ms while baselines was
7.85 = .01 ms (Figure 4.1).
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Figure 4.1. Comparison of QTc and STVQTc for baseline, AD, and non-AD (NAD) conditions
(*p <0.05).

For comparison of systolic blood pressure, RR interval, P-wave height, and QRS width
values between baseline and AD events paired t-tests were used. The sustained systolic blood
pressure significantly increased for the duration of AD events (152.67+£1.11 vs. 155.09+£1.12
mmHg) 97 of 118 AD events resulted in an increase (p < 0.05). AD events did not result in a
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significant change in RR interval or heart rate (66 events had an increase in heart rate and 52
showed a decrease). During AD p-wave height significantly increased from 0.143+0.006 to
0.146+.006 mV, 66 events had an increased in P-wave height, the increases were greater than the
52 events which resulted in minmal increases. QRS width decreased from 19.22+0.14 to
19.12+0.14 ms during AD events, only 37 of the 118 events resulted in an increase in QRS
width (p < 0.05)(Figure 4.2).
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Figure 4.2. Baseline vs. AD comparisons (N = 10 rats) (*p < 0.05). Blood pressure, P-wave
and QRS width were significantly different between AD and Baseline.
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4.2  SKNA Bursting Activity

SKNA bursting activity was detected through a dual threshold algorithm where the iSKNA
must first pass a higher boundary to start counting as a burst and when it passes a second lower
threshold the burst ends (Cole et al., 2019). It can also be visualized as spikes in iISKNA. When
these spikes are seen a peak in QT interval variation is also noticed (Figure 4.3).

SKNA and QT Interval Behavior
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Figure 4.3. SKNA bursting activity with QTc behavior.

During SKNA bursting activity there was a significant increase in QTc (52.55 + .03 ms
to 53.60 + .05 ms) (Figure 4.4) and in STVQTc (7.99 £ .004 ms to 8.03 £ .007 ms) (Figure 4.5)
(p <0.05).
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Figure 4.4. Comparison of QTc during SKNA bursting and non-bursting (N = 10 rats) (*p <
0.05).
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Figure 4.5. Comparison of STVQTc during SKNA bursting and non-bursting (N = 10 rats) (*p <
0.05).

4.3 Overall Insights

AD prolonged both the QTc and STVQTc when compared to baseline. This was also
seen during bursting activity. It has been reported that bursting activity is increased during AD
events, it is possible that the differences seen during AD events are due to an increase in SKNA
bursting activity overall (Kirby et al., in press). The increase in QT interval short term variability
may result in an increased risk of ventricular arrythmias during an AD event (Smoczynska et al.,
2020).

The increase in overall systolic blood pressure during AD as a spike of 15 mmHg or
greater was used as the gold standard for detecting AD in the rat model (Suresh, Everett IV, et al.,
2022). While heart rate and RR interval did not have any significant change from baseline to AD
events Suresh et al. (2022) reported that including heart rate in the detection algorithm for AD
along with galvanic skin response and skin temperature increased accuracy. The overall lack of
significant difference was consistent with previous findings that heart rate is not consistently
bradycardic or tachycardic during AD (Suresh & Duerstock, 2020).

P-wave height was used as an indicator of right atrial enlargement (Harrigan, 2002). The
significant increase in P-wave height during an AD event may be the result of increased right
heart strain during AD (Douedi & Douedi, 2022). The QRS width was significantly shorter
during AD events, a short QRS is a marker for increased risk of arrythmia (Wolpert et al., 2008).
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Overall the increased QTc and STVQTc combined with the shortened QRS width,

indicated that there may be an increased risk of arrythmia during AD events.

35



5. LONG TERM CHANGES IN CARDIAC PARAMETERS

After spinal cord injury there are two different pathological events occurring during
subacute and chronic time periods. During the subacute phase of injury there is sodium
dysregulation which causes excitotoxic neuronal cell death propagating the secondary injury
cascade. In the chronic phase of injury, the initial inflammatory response diminished and
remodeling of neural circuits, vascular reorganization, and remyelination commences (Ahuja et
al., 2017). The subacute phase of injury is defined in prior research as day 5 through day 11
(Martin-Lopez et al., 2021). The chronic phase is defined as day 14 through day 21.

5.1 Blood Pressure Behavior and AD Incidence

The incidence of AD increased during the subacute period (day 5 — 11), it then dropped
on day 14 to increase again as throughout the chronic phase (day 14 — 21) (Figure 5.1).
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Figure 5.1. AD incidence across the 21 days post injury (N = 10).

During the subacute phase of SCI, the amount that blood pressure spikes above the mean

during AD events consistently decreased. During the chronic phase this spike above the mean
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blood pressure increased; however, there are only significant differences between day 5 and day
14, and day 5 and day 21 (Figure 5.2). A similar pattern is seen in the total amount of blood
pressure spikes above the AD threshold throughout the event, none of these differences are

significant (Figure 5.3).
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Figure 5.2. Systolic blood pressure peak value above threshold during AD events (*p < 0.05).
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Figure 5.3. Peak above threshold count during AD events.

5.2 ECG Components and Observations

During the subacute phase of injury (day 5 - 11) the baseline QTc increased significantly
from 51.56 + .28 ms to 53.08 £ .28 ms (p < 0.05), the AD QTc followed a similar pattern
from 48.79 + .30 ms to 52.68 + .20 ms (p < 0.05). Both groups experienced a peak in QTc on day
9 with means of 53.81 and 55.34 ms respectively (p < 0.05). This change was not seen in the
CRD trials that did not result in AD (NAD), instead a significant decrease in QTc was seen from
53.07 £ .21 ms to 51.82 + .34 ms (p <0 .05) (Figure 5.4). The QTc increased during both bursting
and non-bursting SKNA (p < 0.05). This increase corresponded with the increase in AD

susceptibility over time.
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Figure 5.4. Change in QTc throughout experiment (*p < 0.05).

From the subacute to chronic phase (day 11 to day 14) there is a significant drop in QTc
for both baseline (53.08 + .28 ms to 50.75 + .28 ms) and AD events (p < 0.05). During NAD
events there is a slight but insignificant increase.

During the chronic phase of SCI (day 14 to 21) there is a significant increase in baseline
(50.75 = .28 ms to 53.01 + .26 ms) and AD (50.61+ 0.10 ms to 53.10 £ 0.09 ms) QTc (p < 0.05).
During NAD the increase in QTc seen is not significant.

Over the subacute phase, baseline, AD, and NAD short term QTc variability (STVQTc)
significantly decreased (p < 0.05). When there was no bursting activity the STVQTc
significantly decreased from day 5 to day 11; however, during bursting activity there was a
significant increase in STVQTc (p < 0.05) (Figure 5.5).
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Figure 5.5. Change in STVQTc throughout experiment (*p < 0.05).

The STVQTc during AD events significantly decreased during the chronic phase, the
NAD STVQTc increased; however, the increase is not deemed significant. During non-bursting
there was also a significant decrease in STVQTc while an insignificant increase is seen during
SKNA bursting activity.

Premature ventricular contractions (PVCs) are when the heartbeat is initiated by the
Purkinje fibers instead of the sinoatrial node. Hypotension may result from a long run of PVCs
(Khashayar & Richards, 2022). PVCs occurred a total of six times within three of the ten rats.
Only three of which experienced PVCs. Two of these rats experienced only one PVC each, one
of which occurred during an AD event on day five the other occurred during baseline on day 11.
The third rat experienced four PVCs on day 19. On this day all three CRD trials resulted in AD,
three of the PVCs occurred during CRD one and the other PVVC was during CRD three. The third
PVC of CRD one can be seen in Figure 5.6. The rat that experienced the most PVCs experienced
15 AD events during the CRD trials starting on day 7, which is two more than average. Nine of
these AD events occurred between day 14 and 21. When the first PVC is documented the rat had
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experienced 10 documented AD events with an additional two before the last PVC was

documented.

Figure 5.6. Example of a PVC.

For long term analysis of systolic blood pressure, heart rate, RR-interval, P-wave height,
and QRS width a one-way ANOVA with a Tukey Kramer Post-hoc Test was run for each
parameter. Throughout all trials the percent change from day 5 baseline systolic blood pressure,
heart rate, and P-wave height and QRS similar trends to AD incidence. RR interval and QRS
width followed an inverse pattern with relative peaks on day 14 instead of minimums. None of
these parameters had a significant difference from day 14 to 21 (the chronic stage); however,
heart rate, RR interval, and QRS width were significantly different from day 5 to day 11 (the
subacute stage). There was also a significant decrease in RR interval from day 5 to day 21.

Overall systolic blood pressure significantly increased from 149.94+0.15 mmHg to
155.54+0.17 mmHg during the subacute phase (p < 0.05). It then significantly dropped to
152.17+0.17 during the transition from subacute to chronic (day 11 to 14) (p < 0.05). During the
chronic phase it increased from 152.17+0.17 to 160.83+0.17 (p < 0.05) (Figure 5.7). All three

groups followed these same significant changes.
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Figure 5.7. Change in systolic blood pressure post SCI (*p < 0.05).

The overall heart rate significantly increased during the subacute period (423.22+0.62 to
479.97+0.38 BPM) (p < 0.05). From the subacute to chronic phase heart rate dropped to
454.49+0.48 BPM (p < 0.05). The chronic phase resulted in a significant increase to 466.50+0.46
BPM (p < 0.05) (Figure 5.8). This overall significant increase is due to the NAD and baseline

groups. The AD group saw a significant decrease during the chronic phase.
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Figure 5.8. Change in heart rate post SCI (*p < 0.05).

During the days post SCI overall R-R interval had significant changes through the
subacute phase, the transition from subacute to chronic, and during the chronic phase. It
transitions from 146.12+0.53 to 125.88+0.19 ms during the subacute phase. Then during the
chronic phase, R-R interval transitioned from 132.94+0.15 to 129.63+0.27 ms (p < 0.05) (Figure
5.9). Similarly to heart rate, AD did not follow the same trend as the other groups instead having

a significant increase in RR interval during the chronic phase of SCI.
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Figure 5.9. Change in R-R interval post SCI (*p < 0.05).

During the subacute period after SCI the overall P-wave height did not change
significantly (day 5 vs. day 11). This is skewed by the baseline group. AD and NAD groups
result in a significant decrease in P-wave height from day 5 to day 11. Overall, there was a
significant difference between day 11 and 14 with a decrease of 0.0289 mV (p < 0.05). There
was then a significant increase in P-wave height from day 14 to day 21, increasing from
0.1256+.0012 to .1413+.0009 mV (p < 0.05) (Figure 5.10). All three groups followed the same

trend during the transition period and chronic stage of SCI.
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Figure 5.10. Change in P-wave height post SCI (*p < 0.05).

During the subacute phase overall QRS width decreased from 20.22+0.02 to 18.91+0.02
ms (p < 0.05). It also decreased during the chronic phase going from 19.35+0.02 to 19.20+£0.02
ms (p < 0.05) (Figure 5.11). During the transition period of day 11 to day 14 all three groups had
an increase in QRS width; however, the increase is not deemed significant for the NAD group.
Many of the day-to-day comparisons of this parameter are not significant including day 16 vs 21

for the AD group and day 19 vs 21 for the baseline group.

45



o Post Injury QRS Width

T [ [ I ]
i 1 -Baseline
[ AD
I NAD

20.5

20

19.5

QRS Width (ms)

19

18.5

18

11 14 16 19 21
Day Post Injury

Figure 5.11. Change in QRS width post SCI (*p < 0.05).

5.3 Insights on Long-term Cardiac Effects

During the chronic phase the incidence of AD events increased during regular
occurrences of CRD as indicated by above-threshold (>15 mmHg) blood pressure spikes. QTc
interval increased during the chronic phase resulting in potentially detrimental cardiac effects.
This rat model showed that humans who experience recurrent AD during the chronic phase of
SCI may be at increased risk for arrythmia.

Throughout all long-term analysis parameters corresponded to the trend of AD incidence.
However, not all these changes were significant throughout both the subacute and chronic stages.
Often many of the day-to-day comparisons were not significant, but the difference between the
beginning and end of the stage was.

There was a significant increase in P-wave height during the chronic stage of spinal cord
injury. This increase suggests that recurrent AD may result in right atrial enlargement. The
decrease in QRS width seen from day 14 to day 21 suggests that recurrent AD results in an
increased risk of arrythmia.
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Frequent PVCs increase the risk of developing dilated cardiomyopathy. They also
indicate an increased risk of mortality in individuals with heart disease (Khashayar & Richards,
2022). Heart disease is a leading cause of death in individuals with SCI an increased occurrence
of PVCs could potentially increase the risk of death (Lee & Joo, 2017). As few PVCs were seen

further study of PVC occurrence during recurring AD must be done for conclusive results.
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6. CONCLUSIONS AND FUTURE DIRECTIONS

Corrected QT interval, short term variability of the QT interval, RR interval, P-wave
height, and QRS width were analyzed during AD events and during both the subacute and
chronic phases of AD. QT interval parameter and QRS width were investigated as changes mark
an increased risk of arrythmia, while P-wave height shows atrial health, and RR interval is
representative of heart rate. For this a rat model of a T2/T3 crush spinal cord injury was used.
Colorectal distension was implemented to induce AD events a total of 24 times for each rat.
Ponemah® was used to extract heart rate, blood pressure, RR interval, P-wave height, and QRS
width values. MATLAB code was implemented to find the QT interval.

It was found that during AD events there is a significant increase in QTc, STVQTc,
average systolic blood pressure, and P-wave height. It was also seen that there was a significant
decrease in QRS width during AD events. These results suggest that there is an increased risk of
arrythmia during AD events. The hypothesis that QT interval variability would increase during
an AD event failed to be rejected while the hypothesis that RR interval, P-wave height and QRS
width would increase during an AD event was rejected. P-wave height did in fact increase,
however QRS width decreased, and there was no significant change in RR interval.

Long term analysis showed that during the chronic phase of SCI P-wave height, QTc
interval, and STVQTc all increased during baseline recordings while QRS width decreased. AD
events also showed a significant increase in QTc and P-wave height with a significant decrease
in QRS width during the chronic stage. These results show that recurrent AD may increase the
risk of arrythmia during both baseline and AD events and increases the strain on the atria
potentially causing right atrial enlargement. With these results the hypothesis that AD occurrence

would result in decreased heart function and increased risk of arrythmias failed to be rejected.

6.1 Conclusions

This exploratory research was based on two case reports published in 1991 stating that
AD can result in arrythmia (Pine et al.,1991; Forrest, 1991). Arrythmias can result in sudden
cardiac death, so it is important to know how AD effects the occurrence of arrythmia so proper
medical intervention is in place (Srinivasan & Schilling, 2018).
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Knowing that recurrent AD may increase the risk of arrythmia during AD events
themselves and during baseline in the chronic stage of spinal cord injury, individuals who are
susceptible to AD should be monitored for arrythmias. Individuals who are being monitored for
AD could use the same device to monitor changes in their ECG, specifically changes to the QTc
interval, QTc variability, and QRS width. Trends in the changes of these parameters could be
used by healthcare providers to monitor arrythmia risk and implement preventative measures

when necessary.

6.2 Limitations and Possible Modifications

In this study the occurrence of AD in each animal varied significantly limiting day to day
analysis as no rat had the same pattern of AD events. While Sprague Dawley rats are commonly
used in SCI research Wistar rats are also common models. The advantage of Wistar rats is that
they are more prone to AD through CRD (Landrum et al., 1998). Wistar rats would potentially
result in more consistent AD occurrences allowing for a better analysis of parameter changes due
to AD. A sham control group would also be beneficial as SCI itself causes cardiac functionality
changes. A sham group would allow for a better analysis of if recurrent AD results in changes
past that of SCI.

While SCI surgeries, animal care, and experiment protocols were consistent throughout,
interactions were not kept at a consistent time of day and were subject to class schedules. This
may have added variability to the results as QT interval varies throughout the day due to
circadian rhythm and other factors (Smetana et al., 2003). Spontaneous AD may have also
affected results as the rats were not monitored 24/7. Some days of data collection had to be
removed from analysis due to noise in the signal reducing the total data set. In the future a
Faraday cage to block external uncontrolled influences of the signal should be used.

The duration of experimentation also limited the results; however, maintaining health of
the animal to 21 days post injury was difficult. Some studies don’t consider the chronic stage of
SCI in a rodent model to fully begin until week eight post injury (Martin-Lopez et al., 2021). A
longer study would be beneficial for understanding long term changes.
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6.3 Future Directions

In the future the same general experiment could be performed using some of the
suggestions above including changing rat type, introducing a Faraday cage, remaining consistent
in timing for all experiment days and extending the post-op analysis time to at least eight weeks.
Further analysis of current data could include P-T segment and analyzing how burst SKNA
activity effects parameters other than QTc such as QRS width. In addition to see the true effects
of arrythmia risk in the future predisposing the rats to arrythmia through chemical intervention
could be used (Fernandes et al., 2022).

An understanding of how these results transfer to a human model would also be
necessary to understand how recurrent AD affects the cardiovascular system. Humans are more

susceptible to arrythmias than rodent models (Blackwell et al., 1964; Hasenfuss, 1998).
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