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Abstract

Although parasympathetic activity (PNS) is the primary driver and sympathetic activity (SNS) is a
significant inhibitor of colonic propulsive activity, they are rarely measured, and hence, they
almost play no role in diagnosing dysfunction or standard treatments for chronic conditions such
as refractory constipation. We aimed to develop methodologies for the assessment of autonomic
nervous system (ANS) activity, establish criteria for autonomic dysfunction, and study if
stimulation of lumbar and sacral autonomic nerves using low-level laser therapy (LLLT) could
affect the ANS and explore it as a potential treatment of autonomic dysfunction to restore colonic
motility. By studying the active standing test and the table tilt test as a method to evoke activity
in the ANS, we rejected LF power, SD1 and SD2 of Poincare plot, Pre-ejection-period (PEP),
complex-correlation-measure (CCM) and detrended fluctuation analysis (DFA). Respiratory-
Sinus-Arrhythmia (RSA), Root-Mean-Square-of-Successive-Differences (RMSSD) were selected
for PNS activity, the Baevsky’s-Stress-Index (SlI) was chosen for SNS activity, and SI/RSA and
SI/RMSSD were introduced as a measure of autonomic balance. We explored high-resolution-
colonic-manometry with concurrent electrocardiography to observe whether these parameters
could be associated with ANS changes during colonic motor patterns. High-amplitude-
propagating-pressure-waves were associated with a strong parasympathetic activity and
decreased sympathetic activity. Comparing ANS reactivity of patients with severe motility
disorders to controls in response to postural changes, we observed that most patients have low
PNS and elevated SNS baseline activity and reactivity. This established a way to evaluate
autonomic dysfunction in patients with colon motor disorders. A single session of LLLT using LED

and laser light on the lumbar and sacral spine in 41 patients with chronic gastrointestinal motor



dysfunction indicated that treatments with LED light followed by laser light significantly increased
parasympathetic activity and decreased sympathetic nervous system activities. These results
initiated a study into the effects of LLLT on restoring autonomic dysfunction in chronic refractory

colonic motility disorders.
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activity. In Chapter 2, Heart rate variability parameters are evaluated that have been proposed
related to a procedure that produces known changes in the autonomic nervous system activity
during the supine-sitting-standing protocol (the active standing test). The criteria for normal
autonomic nervous system modulation are established from the HRV parameters values
generated during each posture for healthy controls, which is used as a standard to test the
patients' autonomic nervous system activity and reactivity.

The selected HRV parameters for ANS assessment and the active standing test results are then
evaluated against the established tilt table test. This comparison enabled us to optimize the
protocol for the active standing test, which has been discussed in chapter 3. The patients
selected for this study had cardiac and Gl symptoms. The HRV parameters were also applied
during the deep breathing test, beta-adrenergic hypersensitivity test, intrinsic heart rate test

and catecholamine level test.

After identifying the heart rate variability parameters for the sympathetic and parasympathetic
nervous system activity, the next step (Chapter 4) was to determine the associations of the
autonomic nervous system with colonic motility. The general autonomic activity and reactivity
to postural change were first tested for each individual and compared to the established
normal ranges for each posture. High-resolution colonic manometry was used to record the
activity of the human colon. Meal, prucalopride, proximal and distal balloons distention and
rectal bisacodyl were used as stimuli to evoke the motor patterns during the recording. The
ECG and impedance cardiography were simultaneously recorded during the whole session and

time-matched with high-resolution colonic manometry. The HRV parameters were used to
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study the autonomic nervous system activity before, during and after each recorded motor
pattern. The baseline autonomic activity was also correlated to the autonomic nervous system

modulation during motor patterns.

In Chapter 5, The association of the autonomic nervous system activity with the colonic motor
function was further optimized by identifying the most suitable heart rate variability
parameters for sympathetic and parasympathetic activity. In addition, two new parameters of
autonomic balance were introduced. The sympathetic and parasympathetic nervous system
activity was visually associated with the colonic activity. The visual representation and
guantification enabled us to study the baseline autonomic activity without colonic motor

patterns and during the different motor patterns.

To test the hypothesis of the involvement of autonomic nervous system dysfunction in motility
disorders, the baseline autonomic nervous system activity and the reactivity to the postural
change from supine to sitting and standing were compared between the motility disorder
patients and the healthy controls in chapter 6. In addition, different groups of patients based on
their age and medical history, including constipation, back pain, bladder symptoms, anxiety,

and stress, were also compared with the control groups.

It is hypothesized that stimulating the lumbar and sacral autonomic nerves using low-level laser
therapy can improve the autonomic function related to colonic motility. We used an LED array

with 240 LEDs generating red and Infrared light and an infrared laser probe developed by
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Bioflex Inc. to stimulate the lumbar and sacral autonomic nerves, and the reactivity of the
autonomic nervous system was assessed by heart rate variability. In chapter 7, the properties of
light and its propagation from one medium to another medium, like biological tissue, are
discussed, and the penetration of light and delivered energy is calculated for LED array (Red and

Infra-red) and laser probe.

In chapter 8, the effect of one session of LLLT is evaluated on ANS in patients with motility
disorders. The patients received light stimulation on their lumbar and sacral spine using red and
infrared LED arrays and infrared laser probes. Their autonomic nervous system activity was
recorded before, during, and after the LED and laser stimulations. The effect of sham LLLT is
also studied in healthy volunteers to rule out the ANS modulations due to the sham effect.
Finally, chapter 9 is the overall discussion, which refers to this research's overall results and

limitations and future recommendations.
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Chapter 1
Introduction

1.1 Introduction

The autonomic nervous system (ANS) is critical for maintaining the normal motility functions,
yet we have very little insight into its role in actual human colon motor activities[1]. Despite our
understanding of the extrinsic innervation of the colon, it is largely ignored in the diagnosis of
functional colonic disorders. Hence, there is a requirement to establish a methodology to study
the associations between autonomic sympathetic and parasympathetic nervous system activity
and the colonic motor functions, the autonomic dysfunction’s association with motility
disorders and to identify the potential treatment for autonomic dysfunction. Heart rate
variability (HRV) has been used as a non-invasive technique to quantitatively measure the
autonomic nervous system activity; however, the criteria for normal autonomic testing in
association with motility functions must be established.

The gastrointestinal tract (Gl tract) is innervated by the intrinsic enteric nervous system (ENS)
and extrinsic autonomic nervous system (ANS), with their respective neurotransmitter
receptors widely distributed in various intestinal cells. Although the GI functions exhibit a
significant amount of autonomy via the enteric nervous system, which is located within the
submucosal and myenteric plexuses in the wall of the Gl tract, the central nervous system (CNS)
provides extrinsic neural inputs by communicating with the ENS via autonomic innervations to

regulates, modulate, and control the Gl functions like digestion, nutrient absorption, and
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elimination of waste [2] [1], [3]. Below we will identify the extrinsic neural pathways involved in

colonic motor functions and the association between cardiac and colonic autonomic activities.

1.1.1 Autonomic innervation and control of the Gl tract

The parasympathetic innervation of the Gl tract is supplied by the vagus nerve and the sacral or
pelvic nerves. The upper part of the Gl tract, including the esophagus, stomach, small intestine,
and ascending colon, gets its parasympathetic innervation from the vagus nerve. In contrast,
the lower Gl tract, which includes the transverse, descending and sigmoid colon and the
striated muscles of the external anal canal, receive their parasympathetic innervations from the
preganglionic neurons within the lumbosacral spinal cord, prominently from S1-54 regions. The
parasympathetic nerve fibres are long and synapse inside the walls of the Gl tract in myenteric
and submucosal plexuses, where the parasympathetic inputs are synchronized and transmitted
to the smooth muscles, endocrine and secretory cells. The parasympathetic neurons are either
cholinergic releasing acetylcholine (Ach) or peptidergic releasing neuropeptides as
neurotransmitters[4].

The sympathetic preganglionic neurons innervating the Gl tract ascend from the thoracic and
lumbar spinal cord. Four sympathetic ganglia, celiac, superior mesenteric, inferior mesenteric
and hypogastric located at spinal L2—L5 lumbar levels provide the sympathetic innervations to
the Gl tract out of which the inferior mesenteric ganglion or pelvic ganglion innervate the colon.
The postganglionic nerve fibres synapse either on ganglia in the myenteric and submucosal
plexuses or directly innervate the smooth muscle cells. The sympathetic nerve fibres are

adrenergic, which release norepinephrine as a neurotransmitter. Sympathetic fibres can
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function both pre-synaptically and post-synaptically to modulate the enteric nervous system
activity via direct action on the enteric nervous system [5][6] [].

1.1.2 Nucleus Tractus Solitarius (NTS)

The central nervous system provides the homeostatic control of the colon by modulating the
activity of the sympathetic and parasympathetic innervation to the colon. The vagal efferent
activity is controlled by synaptic inputs from the brainstem and higher central nervous system
nuclei. Although the dorsal motor neurons of the vagus receive the innervation from several
brainstem and higher CNS nuclei, most of these modulatory inputs arise from the nucleus
tractus solitarius (NTS). The NTS also receives the sensory information from the vagal afferent
fibres, which innervate the thoracic and adnominal viscera. The cell bodies of the vagal afferent
fibres lie within the nodose ganglia, and their central terminals enter the brainstem through the
NTS, also affecting the NTS neurons, which are organized in subnuclei according to their
afferent inputs like gastric afferent input, esophageal afferent input, cardiovascular and
respiratory afferent inputs. The dendric projections of NTS spread throughout the nucleus and
interact within the subnuclei because of which the autonomic reflexes may be synchronized
across all the organs with autonomic innervations[2]. Therefore, the inputs from CNS to the
efferent fibres to modulate the Gl function in response to the sensory inputs from the Gl tract
also affect the cardiovascular function because of the crosstalk between the subnuclei in the
NTS affecting the heart rhythm. Therefore, any autonomic input to modulate the Gl function

may be measured via heart rate variability[7][6].
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Figure 0-1: Neural Pathways involved in colonic motility

A study presented in the later section of this thesis indicated that injecting bisacodyl in the
rectum causes the generation of contractions starting from the most proximal end of the
ascending colon. The bisacodyl in the rectum causes the activation of chemical receptors in the
rectum, which communicate through the sacral afferent fibres to the higher brain centers via
spinal pathways through Barrington's nucleus and the Nucleus Tractus Solitarius (NTS). This
information is treated as an urge to defecate, and in response to this information, the CNS
modulates the vagal input to initiate the contractions in the proximal colon. Figure 1.1 shows
the communication channels of the sensory information from the sacral defecation center to
the CNS and the autonomic input from the CNS to the proximal colon via the NTS which is also

reflected in the cardiovascular system and can then be measured by the heart rate variability.
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This indicates the importance of the autonomic nervous system in normal colonic functions.
Therefore, unlike in current clinical practices, patients with colonic motility disorders should be
assessed for autonomic dysfunction. One of the objectives of this project is to establish the
methodology to assess the autonomic nervous system and autonomic nervous system
dysfunction.

1.1.3 Autonomic Innervations of Heart

The central autonomic network (CAN) controls the autonomic outflow to the heart via the vagal
and sympathetic nerve fibres innervations. The sinoatrial node (SA Node) is innervated by the
right vagus nerve, while the AV (atrioventricular) node gets its innervations from the left vagus
nerve, but there can be a significant amount of overlap in the anatomical distribution. Atrial
muscle and ventricular myocardium are also innervated by vagal efferent. In comparison, the
sympathetic efferent nerves are present throughout the atria and ventricles and the conduction
system of the heart. The nucleus tractus solitarius receives sensory information from the
baroreceptors and chemoreceptors. The neuronal connections originating from the nucleus
tractus solitarius modulate the parasympathetic and sympathetic activity. The medulla
containing the NTS also receives input from other brain regions like the hypothalamus, which is
vital for stimulating cardiovascular responses in various situations like stress and danger. The
autonomic nervous system affects many aspects of cardiac electrophysiology by the complex
interaction between neurotransmitters and their effect on the receptors located in the SA

node, AV node and left ventricle[8], [9].
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1.1.4 Heart Rate Variability

Heart rate variability (HRV) measures the time variations between the consecutive inter-beat
intervals (RR intervals) caused by the central nervous system's autonomic input to the heart. In
addition to the central autonomic network, respiration and baroreceptor reflex also induce
changes in the heart rate. The heart rate variability has been used as a tool for the non-invasive
study of the autonomic activity in the body using the RR interval obtained from the
electrocardiogram. Studies have shown that the blocking of vagal input via a high dose of
atropine causes the disappearance of variability in the RR intervals. This indicates the
dominance of vagal control over sympathetic control of the heart rate variability and the role of
autonomic input in generating the heart rate variability. The average of RR intervals indicates
the balance between the vagal and sympathetic neural activity, and the difference of an RR
interval from the mean RR values indicates the spontaneous modulation of sympathetic and
parasympathetic input [10] [11]. Several heart rate variability parameters have been developed
to measure parasympathetic and sympathetic activity. Although heart rate variability provides a
window into cardiac autonomic function, it also is a window to more general autonomic
function in an individual. Part of our objective was to evaluate its use to assess ANS activity

related to the Gl tract.

1.2 Development of Treatment Technique

After identifying the role of the autonomic nervous system in motility function, our objective
was to establish a technique to treat autonomic dysfunction. Low-level laser therapy (LLLT) is a

therapeutic method founded on the photobiomodulation principle, which generates biological
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modifications in organisms in response to the interactions of photons in the visible or infrared
spectral regions with biological cells in the target region. It has been successfully used to
promote cellular functions and speed up cellular healing and has been proved helpful in

treating inflammation, pain, nerve regeneration, hair growth and bone repair[12].

1.2.1 Low-Level Laser Therapy (LLLT)

Low-level laser therapy (LLLT) uses continuous or pulsed, low-powered (1-5 mW) red and infra-
red light with a wavelength ranging from 600-1100 nm with low energy density to modulate
the biological functions in the cells of the target biological tissue. Unlike high-powered lasers,
which have ablative or thermal effects, low-level laser therapy has a photochemical effect like
photosynthesis. Therefore, it is also known as cold or non-thermal, soft, biostimulation, and
photobiomodulation laser and has been used for physical therapy. LLLT is performed either by
LED arrays or laser diode, or both; LED arrays stimulate a larger area, but they have less
penetration depth, while a laser diode produces monochromatic, unidirectional light that can
deliver substantial levels of concentrated energy at more penetration depth inside the
biological tissue compared to LEDs. Despite low-level laser therapy's clinical and pre-clinical
benefits, its underlying action mechanism for biological tissues is not fully understood[13].
According to many studies, the mitochondria in the cells are the major red and IR light-
absorbing chromophores. During the event of an inelastic collision between photons and
mitochondrial chromophores, the energy is transferred from the incoming photon to the
chromophores, which is then converted into chemical energy, increasing the production of
Adenosine Triphosphate (ATP) in the cell. The photons are absorbed by the cytochrome c

oxidase of the electron transport chain (ETC) of the mitochondria, which leads to the elevated
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movement of protons across the mitochondrial membrane, which causes an increase in the
proton gradient across the membrane of mitochondria generating a membrane potential. This
causes an increase in ATP, reactive oxygen species (ROS) and intracellular calcium (Ca?*) and
nitric oxide (NO) from cytochrome C oxidase. These molecules cause activations of signal
transduction leading to gene transcription and cause visible effects like wound healing, pain
management and treatment of inflammation[13].

Patients with motility disorders due to autonomic dysfunction may have problems in their
neural autonomic pathways, and low-level laser therapy of the lumbar and sacral autonomic
nerves may restore the normal autonomic function by stimulating the neural circuitry the
motility function (Error! Reference source not found.). Therefore, another objective of this t
hesis was to study the effect of one-time low-level laser therapy on the autonomic nervous
system activity of the patients with motility dysfunctions to identify if LLLT is a candidate for

restoring the autonomic dysfunction.

1.3 Hypotheses

It is hypothesized that the autonomic nervous system plays a crucial role in normal
colonic motility, and abnormal autonomic activity or reactivity might contribute to motility
disorders. Therefore, patients with motility disorders should be assessed and treated for
autonomic dysfunction.

The neuromodulation of lumbar and sacral autonomic nerves by low-level laser therapy

may restore the regular autonomic activity and hence colonic motility.
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1.4 Objectives

The objectives of this thesis work were:

1. To develop methodologies to assess autonomic nervous system activity and develop
criteria for autonomic dysfunction.

2. To identify the association of sympathetic and parasympathetic nervous system activity
with colonic motor functions and to identify the role of autonomic dysfunction in
colonic motility disorders

3. To study the effect of neuromodulation of the autonomic nerves originating from the
lumbosacral spine and innervating the colon, using one session of low-level laser
therapy to find out if any evidence could be obtained that LLLT actually affects the

autonomic nervous system.
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Chapter 2

Developing Autonomic Nervous System Assessment As It Relates To The Active
Standing Protocol, To Provide Baseline General Autonomic Functioning.

2.1 Introduction

Heart Rate Variability (HRV) signal analysis is an important tool for studying the autonomic
nervous system. Several time and frequency domain and nonlinear analysis techniques have
been applied to HRV signals to generate information about parasympathetic nervous system
(PNS) and sympathetic nervous system (SNS) activity and reactivity. Most of these analysis
techniques like RSA, RMSSD, high frequencies band power (0.15-0.4 Hz.) of HRV signal, SD1 of
Poincare plot provide information about the PNS, while the ratio of low frequencies band
power (0.04-0.15 Hz.) to high frequencies (LF/HF) are considered as measures of sympathovagal
balance. Pre-Ejection-Period (PEP) is considered a measure of SNS activity; however, it requires
impedance measurement. This chapter provides the basic information about RSA, RMSSD,
Poincare plot (SD1, SD2 and their ratios), frequency analysis (HF power band, LF power band
and their ratios), complex correlation measure (CCM), detrended fluctuation analysis (DFA), PEP
and Baevsky's stress index (S.1.) in response to active standing test (Supine, Sitting, Standing,
Walking, sitting after the walking or sitting 2) Suitable parameters were then selected for SNS
and PNS activity. Their normal ranges were calculated for each posture of the active standing
test and used as a criterion for normal autonomic activity and reactivity.

2.1.1 Root Mean Square of Successive Differences (RMSSD)

Root Mean Square of Successive Differences (RMSSD) is one of the frequently used time-

domain heart rate variability parameters to measure parasympathetic activity. It is obtained by

10
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first calculating the successive differences between the R.R. intervals in milliseconds and then

calculating the root mean square of these differences as follows:

N-1
1
RMSSD = mZ(RRiH — RR;)?
l=

Where N is the total number of R.R. intervals, RR; is the current R.R. interval, and RRi.1 is the
next R.R. interval[10]. An increased parasympathetic reactivity causes more variations in
successive R.R. intervals (short-term variability), which leads to higher values of successive
differences (RR-RRi+1) and, ultimately, a higher value of RMSSD. RMSSD correlates to the high-
frequency power of the HRV signal and is used as a measure of parasympathetic reactivity[10].
2.1.2 Frequency Spectrum analysis of HRV signal

The frequency analysis enables quantifying the various frequencies in the HRV signal. The R.R.
interval signal is generated from the ECG recording after removing the artifacts and converted
into the frequency domain using Fast Fourier Transform (FFT) or continuous wavelet transform
(CWT). Four frequency bands are of interest in HRV signal analysis (i) Ultra-low Frequency Band
(ULF) ranging from 0-0.003 Hz., Very low-frequency band (VLF) ranging from 0.003-0.04 Hz.,
Low-frequency band (LF) ranging from 0.04-0.15 Hz. and high-frequency band (HF) ranging from
0.15-0.5 Hz. Out of these four bands, the LF band and HF band, their ratio (LF/HF) are usually
used for ANS assessment. The LF band is associated with both the SNS and PNS activity; the
ratio LF/HF is considered to represent the autonomic balance [14].

The HF band, also known as the respiratory band, is associated with the variation in the heart

rate due to respiration. The heart rate increases during inhalation due to the inhibition of vagal

11
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outflow by the cardiovascular center and decreases during exhalation due to the restoration of
vagal outflow by the release of acetylcholine [15]. Therefore, the respiration frequency highly
influences the HF band power. The HF band ranges from 0.15-0.5 Hz, which corresponds to 9-24
breaths/min respiration frequency. Colombo and Aurora et al. explained that since the
respiration frequency highly influences the HF band power, therefore, it is the marker of the
PNS activity only within the frequency ranges of 9-24 breaths/min and the frequency range of
the HF band should be adjusted continuously based on breathing frequency [16]. If the
breathing rate is outside these ranges, then the calculated HF power will only be due to noise
or harmonics of lower frequency bands, and the respiration frequency power will not be
included in the HF power. Also, the HF band of 0.15-0.5 Hz. is too broad, including power due to
noise. If the respiration frequency is lower than 9 breathes/min, as in the case of deep
breathing, the most prominent component of HF band power (respiration frequency power)
will lie in the LF band, and without adjusting the HF band, it will indicate low HF power and high
LF power and lead to erroneous results. Similarly, during exercise, the breathing frequency of
over 24 breaths/min, the prominent component of HF power, will be out of the range and will
wrongly represent low HF power.

Instead of HF power, the term Respiratory Frequency Area (RFa) is used as a marker of PNS
activity [16]. LF power, which is influenced by both SNS and PNS activity, will also be adjusted
by adjusting the HF band to RFa. For example, in the case of deep breathing (< 9 breaths/min),
the respiration frequency will lie in the LF region, and using RFa instead of HF will also decrease
the LF band, and the new adjusted LF band power is termed as Low-Frequency area (LFa) which

is smaller than LF power. It is claimed by Aurora et al. that LFa is purely the measure of SNS
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activity as the PNS component is included in RFa [16][17] . Nguyen et al. have also used LFa and
RFa instead of LF and HF power in their recent study of autonomic function in gastroparesis
using a machine developed by ANSAR medical technologies Inc. to record the SNS and PNS
activities [16][17] . This adjustment is valuable only if the respiration frequency changes during
the recording due to deep breathing or exercise requirements. [16][17]. Since LF band power is
influenced by both the SNS and PNS, we will not use it in our ANS assessment. For PNS
assessment, the HF power will be used; however, it will be converted into respiratory sinus
arrhythmia (RSA).
2.1.3 Respiratory Sinus Arrhythmia (RSA)
A cyclical variation in heart rate characterized by faster heart rate during inspiration and slower
heart rate during expiration, but otherwise normal ECG, is termed respiratory sinus arrhythmia
(RSA). RSA is primarily vagally mediated, with negative intrathoracic pressure of inspiration
causing less pressure on the paired vagus nerves and, therefore, lower vagal tone (heart rate
increases), and the reverse sequence causing a decrease in heart rate during exhalation [18].
The average respiration frequency for adults in supine position ranges from 12 to 20 per minute
(0.2 Hz. to 0.33 Hz.). Therefore, the strongest frequency components in the HF range of the HRV
spectrum are due to respiration. The more the variation in the heart rate due to breathing, the
higher the value of the HF power band, which indicates a higher value of RSA. RSA is defined
and calculated as:

RSA =In (HF Power)
A higher value of RSA represents a higher variation in heart rate during inhalation and

exhalation, which is mediated by vagal tone variations during breathing[19]. In addition, it
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represents increased short-term variability in R.R. intervals and improved heart rate variability.
Hence, RSA is used to measure parasympathetic (re)activity [20].

2.1.4 Poincaré Plot (SD1 and SD2)

Poincare plot is the geometrical representation of heart rate variability time series in a
cartesian plane. Each R.R. interval is plotted against another R.R. interval (next R.R. interval in
case lag 1 Poincare’ plot). RR; represents the current R.R. interval and RRi:1 represents the next
R.R. interval in milliseconds. The first point on the cartesian plane is obtained by taking RR; on
the x-axis and RRi+1 on the y-axis. The next point is plotted by taking RRi«1 on the x-axis and RRis2
on the y-axis. Similarly, each R.R. interval is plotted against its next R.R. interval in the time

series to obtain the Poincare’ plot as shown below.
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Figure 2-1: Poincare’ Plot

The quantitative analysis of the Poincare” plot involves the fitted eclipse technique. The first
step is to plot the line of identity across the plot. It is done by plotting each R.R. interval against

itself, as represented by the blue line in the figure. The next step is to draw a fitted eclipse on

14



Ph.D. Thesis- M. Khawar Ali; McMaster University- School of Biomedical Engineering

the Poincare’ plot. The eclipse centre is the point obtained by plotting the mean value of R.R.
intervals used on both the x-axis and y-axis. The minor and major axes of the eclipse are

represented as SD1 and SD2, respectively and are calculated as follows:

-1 2
1 {RR,- - RR,-+1}

N—1 NG

i=1

SD1 =

And

N-1 — 2
1 RR, + RR,,, — 2RR
SD2 = Z
N-1Z, 2
l=

RRi and RRi:1 represent the current and next R.R. interval, and RR is the mean value of R.R.
intervals used [21]. Like RMSSD, SD1 also represents the beat-to-beat variations (short-term
variability) mediated by parasympathetic reactivity. It is also correlated to HF band power,
which indicates parasympathetic reactivity. SD2, on the other hand, is correlated to the LF
band, which represents the long-term variability and is mediated by both sympathetic and
parasympathetic reactivities. The ratio SD2/SD1 correlates with LF:HF ratio and measures the
autonomic balance. [22][23]

2.1.5 Complex Correlation Measure (CCM)

The fitted eclipse technique provides information about the overall shape of the Poincare plot
without any information about its temporal structure. Complex Correlation Measure (CCM) is a
method that, in addition to its dependence upon the values of SD1 and SD2, takes into account

the temporal structure of the R.R. interval time series, and it is calculated using a moving
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window consisting of three consecutive points say an (x1,y1), b(x2y2) and c(xs,y3) of Poincare
plot. Each set of three points forms a triangle whose area is calculated. The area of the triangle
(A(i)) in the window depends upon the temporal variation of the data points, e.g., if all the
three points lie in the same line, then the area of the triangle will be equal to zero, which
represents a linear alignment of three points. Similarly, positive, and negative values of A(i)
represent counterclockwise and clockwise orientation of points a, b and c. The window is
moved continuously with a lag of one point[24]. The area of the triangle formed by these points

is calculated as:

11*1 M1 1
A() = 5 X, y, 1
X3 ys3 1

The complex correlation measure of the Poincare plot consisting of N points consisting of all the

overlapping three points windows is calculated as:

N-2
1 |
ccM = mzl 1AQ)I]

Where
C, =m*SD1x*SD2
(Area of the fitted curve of Poincare plot)
After applying the CCM method to the volunteer HRV data during different postures of the
active standing test, it was identified that the trend of the CCM is the same as SD1/SD2; it did
not give additional information. Therefore, the Poincare plot will only be used in our studies
instead of CCM. The figure below shows the CCM and SD1/SD2 ratios calculated for a volunteer

during the active standing test.
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Figure 2-2: CCM and SD1/SD2 trends during active standing test for LW

2.1.6 Detrended Fluctuation Analysis (DFA)

The detrended fluctuation analysis (DFA) is used to measure the fractal correlation properties
of non-stationary signals quantitively, and it has been used to assess long-term and short-term
correlations in time series. The root mean square (RMS) of the integrated and detrended
fluctuations in the HRV signal is calculated in observation windows of different sizes and then
plotted against the window size on a log-log plot. The slope (a) of the trend line, which
represents the log of fluctuation to the log of window size scaling exponent, is calculated. Two
different window sizes, one ranging from 4 to 16 and the other window with a size more than
17, are used to calculate the two scaling exponents a1 and o, respectively. o represents short-

term variability while o, represents medium to long-term variability[25], [26].
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The R.R. interval signal is first integrated as follows:

k

y(k) = ) [RR(D) - RRavg]

i=1
Where RRi is the current R.R. interval and R.R. avg is the mean of the R.R. intervals. Then the
integrated time y(k) series is divided into equal-length boxes with length n, and the least square
fitted line is drawn. In the next step, the integrated time series y(k) is detrended by subtracting
the local trend yn(k) in each box. The rms of the detrended integrated time series is calculated

as:

F) = |3 ) [0 = 3]

N
k=1

2|~

The above calculation is repeated for varied window lengths to find the relationship between
F(n) and the box size n. The scaling exponent al is calculated as the slope of the line relating log
F(n) to log(n) from the smaller window (4-16), while .2 is calculated as the slope of the trend
line with larger window sizes (>16). [26]. | developed the MATLAB code to calculated the values
of a1 and a2 . The figure below shows the result of DFA calculations for a volunteer in the

supine position.
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Figure 2-3 Detrended fluctuation analysis results for a volunteer in the Supine position

After applying the DFA to the recorded HRV signal during active standing tests for several
patients and volunteers, it was identified that for active standing test, the changes in the values
of alphal and alpha2 were random and not correlated to the ANS modulation due to postural
change, as shown for one of our volunteers (Figure 2.4). Therefore, DFA was not selected in our

ANS assessment protocol.
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Figure 2-4: alpha 1 and alpha2 values during the active standing test for patient GP
2.1.7 Pre-Ejection Period (PEP)
The pre-ejection period (PEP) is known to represent cardiac sympathetic activity, and it is the
duration from the start of electrical stimulation of the heart until the mechanical opening of the
aortic valve[27]. PEP can be calculated from ECG and thoracic impedance cardiogram (ICG)
signals as the time interval or time delay between the Q point on the ECG signal to the

beginning of the rise in pressure in the left ventricle shown in the figure below.

IMP

Figure 2-5: Pre-Ejection Period is the time duration from the Q point on ECG signal to the B point
on Impedance Cardiography Signal (time on x-axis)
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The resistance to the flow of alternating current is called impedance; similarly, the cardiac
impedance is measured by injecting an alternating current into the chest, and the signal takes
the path of least resistance through the blood. As the heart beats, the volume of blood in the
aorta varies, which causes the change in the impedance to the constant current signal. An
increase in blood volume causes a decrease in impedance and vice-versa. Four electrodes are
used for ICG, 2 electrodes act as a constant current source, and the other two are used to sense

the changes in impedance. The recorded impedance is represented by Zo with units of ohm (Q).

The next step is to convert the Zg signal into dz/dt. It is simply done by taking the derivative of
Zo signal. dZ/dt waveform is shown as the signal in white colour in the above figure, and it
represents the mechanical function of the heart. The rate of impedance change increases
sharply from point B, which indicates the change in impedance due to blood flow into the aorta
due to the mechanical opening of the aortic valve [27], [28]. We tested PEP as a measure of SNS
(re)activity as discussed later in this chapter.

2.1.8 Baevsky's Stress Index (SlI)

Also known as the Stress Index, we refer to it as the Sympathetic index, Sl is based on the RR
intervals. With an increase in sympathetic activity, the heart rate variability decreases; hence
the variation in RR intervals also decreases and vice versa. Sl is based on this idea; the first step
is to generate the histogram of RR intervals and we constructed it with a bin size of 50
milliseconds; the Sl can be represented as the ratio of the height of the histogram to its width
because the height represents the monotony of the RR intervals while the width represents the

variations in RR intervals as shown in the figure below adapted from [23]
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Figure 2-6: RR Histogram (adapted from
www.kubious.com)

The Sl is calculated as:

o = AM, * 100%
~ 2M, * MxDMn

Where, Mo,=mode of RR intervals

MxDMn= longest R.R. interval — shortest R.R. interval

n is the number of RR intervals in the central bin containing Mo, and N is the total number of
R.R. intervals. The Sl is highly sensitive to the variations in sympathetic nervous system activity.
[29][23], [30]. We generated MATLAB code to calculate the Sl from RR interval data and used it

as an SNS parameter as discussed below.
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2.2 Objective

The objective of this exercise is to test RSA, RMSSD and SD1 as a measure of PNS activity and
PEP and Sl as a measure of SNS activity and their sensitivity to the change in ANS due to posture
change, as well as to generate the control values for each of these parameters for each posture
of the active standing test, which will be used as a standard for the ANS assessment of patients

with motility disorders.

2.2.1 Methods

In healthy volunteers, we used posture changes from supine to sitting, sitting to standing, and
then sitting back after walking to modulate the autonomic nervous system. Moreover, the
parameters mentioned earlier were tested as a measure of PNS and SNS as well as to calculate
the control values of each parameter during each posture to use as a criterion for normal ANS
modulation. Thirty-three healthy volunteers were selected for this study, and anyone with
heart disease, motility disorders and diabetes were excluded. Volunteers were advised not to
have tea or coffee two hours prior to the recording. ECG and Impedance Cardiography (ICG)
were recorded during different postures as per the following protocol:

Table 2-1: Active Standing test Protocol

Posture Duration
Supine 6 min
Sitting 6 min
Standing 6 min
Walking 6 min
Sitting after walking 6 min
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Recording during walking was not considered due to many movement artifacts and noise in the
signal. The Mindware Technologies ECG and ICG recorder was used to record data, and
Mindware HRV analysis Software 3.1.3 was used to remove artifacts and generate RR interval
signal. The value of RSA and RMSSD was also calculated during each posture using the same
software. Similarly, Mindware technology's IMP analysis software 3.1.3 was used to calculate
PEP values. | developed the MATLAB code to calculate the Poincare plot parameters (SD1, SD2)
and Sympathetic Index using the RR interval data generated from Mindware HRV analysis

software.

The mean and standard deviation (SD) for each parameter was calculated for all the volunteers
during each posture. We considered the maximum value of the normal range as the mean + 1
SD, and the minimum value was calculated as mean — 1 SD for each posture. Then, the mean,
maximum and minimum values were plotted ag