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Abstract

Prefrontal cortical regions play an essential role in generating appropriate cardiovascular
adjustments, particularly in cardio-vagally mediated heart rate (HR) responses to active tasks.
Functional imaging studies provide correlational evidence that this region coordinates HR
responses to exercise, however, direct experimental evidence of prefrontal cortical HR regulation
in humans is not available. Seven persons with epilepsy implanted with intracranial
electroencephalography (iEEG) completed 2-second isometric handgrip (IHG) contractions at
no-stimulation (NO-STIM) or sham-stimulation (SHAM) conditions, and during direct electrical
stimulation (STIM) of the orbitofrontal and medial prefrontal cortex. HR responses to IHG
during NO-STIM and SHAM increased HR by A4.9+£2.7 bpm, compared to an attenuated HR
response of A1.7+3.1 bpm during STIM (P = 0.024). Using a novel electrical stimulation model,
these preliminary data support the role of prefrontal cortices as a key node in the transient cardio-
vagal response to IHG task, and are in agreement with previous neuroimaging and animal

literature.
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Lay Summary

Changes to our hearts rate are modified on a beat to beat basis, by a branch of the nervous system
that operates involuntarily — called the autonomic nervous system. Through this system, signals
arriving at the heart can increase or decrease heart rate when necessary. For example, your heart
rate might increase if you encounter a grizzly bear in the wild or if you have to deliver a
presentation in front of a large crowd. On the contrary, laying down on the couch after a big meal
may decrease your heart rate. Higher regions of your brain have been shown to influence
changes in heart rate, but this “brain-heart” relationship is poorly understood in the context of
health and disease. This dissertation provides new information on the ability of higher brain
regions to modify heart rate. We showed that modifying activity in this region of the brain via
direct electrical stimulation reduced the ability of heart rate to rapidly increase during exercise.
This mode of study was possible thanks to volunteering persons with epilepsy with clinically

indicated brain electrode implants.
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Chapter 1

1 Introduction

Beat by beat cardiovascular adjustments are dependent on a healthy homeostatic balance
between tonically-active parasympathetic and sympathetic outflow to the sinoatrial node of the
heart (Saul, 1990; Shaffer et al., 2014), via the vagus nerve and the stellate ganglia respectively
(Guo et al., 2002; J. H. Mitchell et al., 1989). These regulations in heart rate (HR) are influenced
by well-defined reflex circuits in vasomotor sites of the brain stem, such as the continuous
afferent feedback of baroreceptors from the carotid sinus and aortic arch involved in regulating
blood pressure (BP) and HR baroreflex (Ciriello, 1983; Schreihofer & Guyenet, 2002; Spyer,
1981). Conversely, beat by beat modulations of HR also receive inputs from regions of the
cortical autonomic network (CAN), which are believed to have descending influences on central
sites of cardiac regulation, namely the nucleus tractus solitarius (NTS), periaqueductal grey
matter (PAG), nucleus ambiguus (NA), and rostral ventrolateral medulla (RVLM) (Cechetto &
Shoemaker, 2009; Critchley, Corfield, et al., 2000; Thayer et al., 2012). This widespread
network is undoubtedly complex, and the role of CAN regions in the coupling of cardiovascular
responses with high-order neural systems that integrate activity in perceptual, viscerosensory,

emotional, and memory systems remains unknown.

From a clinical perspective, neurological disturbances and diseases of CAN regions may
have detrimental consequences on autonomic function. In epilepsy, seizures arising from the
prefrontal, hippocampal, and amygdalar regions may produce autonomic manifestations such as
cardiac arrhythmias, asystole, syncope, viscerosensory phenomena, brief apnea, sweating, and
piloerection (Devinsky, 2004; Devinsky et al., 1986; Oppenheimer et al., 1990; Tinuper et al.,
2001). The rate of sudden unexpected death in epilepsy (SUDEP) is >20-fold greater than in the
general population (Ficker, 2000; Shorvon & Tomson, 2011), and may be related to cardiac
arrhythmias and eventual asystole in patients who have no previous history of cardiac disease
(Devinsky, 2004; Oppenheimer et al., 1990; Verrier et al., 2020). Also, ischemic strokes
involving the prefrontal and insular cortex (IC) regions can result in fatal cardiac arrhythmias
that may explain sudden death early after stroke (Cheung & Hachinski, 2000; Colivicchi et al.,



2004; Oppenheimer et al., 1990). Some studies suggest that seizures or stroke may result in
asymmetric activation of cardio-vagal and sympathetic outflow to the heart, causing an
imbalance in the intrinsic electrophysiological properties of myocardium (Colivicchi et al., 2004;
Hachinski et al., 1992; Oppenheimer et al., 1990, 1992; Talman, 1985). Interestingly, vagal
nerve stimulation (VNS) is an effective therapy for reducing seizure frequency in drug-resistant
epilepsy (DRE) (DeGiorgio et al., 2000; Handforth et al., 1998; Ronkainen et al., 2006), and in
the treatment of drug-resistant depression (Rush et al., 2000, 2005; Sackeim et al., 2001),
although the mechanisms of these VNS therapies on cortical neurocircuitry remain to be
determined. Increasing our knowledge of the “brain-heart” relationship is a fundamental step

towards understanding the CAN in health, and in advancing therapies and diagnostic tools.

Converging evidence from animal and human studies suggest the prefrontal cortical
region may act as a key node of the CAN implicated in the modification of cardiovascular
responses. Neuroanatomically, regions of the medial prefrontal (MPFC) and orbitofrontal cortex
(OFC) project onto cingulate cortices, hippocampus, and the IC (Hurley et al., 1991; Neafsey et
al., 1986; Thayer et al., 2009), forming a large interconnected network between the thalamus,
PAG, NTS, and other brain stem sites with important roles in cardiovascular control (Benarroch,
1993; Onglir & Price, 2000; Verberne et al., 1997). Importantly, these prefrontal cortices also
receive multimodal sensory information and are involved in high-order processing (Francis et al.,
1999; King et al., 1999; Rolls et al., 2003; Rolls & Grabenhorst, 2008). Direct prefrontal cortex
stimulation studies in both awake and anesthetized rats and rabbits report effects of bradycardia,
hypotension, and gastro-intestinal motility (Buchanan et al., 1985; Buchanan & Powell, 1984;
Burns & Wyss, 1985; Hurley-Gius & Neafsey, 1986; Owens et al., 1999). In rodents, the
bradycardia and depressor responses observed during ventral hippocampal stimulation were
abolished following bilateral lesions to the MPFC (K. G. Ruit & Neafsey, 1988). Furthermore,
awake rats with lesioned MPFC had diminished tachycardia and behavioral (‘freeze’) responses
to conditioned fear (Frysztak & Neafsey, 1991, 1994). In humans, functional neuroimaging data
of the brain during performance of the isometric handgrip (IHG) task suggests a correlation
between deactivation in the MPFC and the acute increase in HR associated with the withdrawal
of cardio-vagal activity (Wong, Massé, et al., 2007). Other neuroimaging studies report ventral
MPFC activity elevated in vegetative states in monkeys (Rolls et al., 2003), and during resting
state in humans (Raichle et al., 2001), supporting the influence of this region on parasympathetic



efferent activity. Functionally, this region has been associated in the “default mode network™, in
which a number of prefrontal regions have elevated activity at a passive resting state; this highly
active neuronal state then becomes less active (deactivates) during a wide range of active tasks
(Nagai et al., 2004; Raichle et al., 2001; Shulman et al., 1997). Therefore, these prefrontal
cortices have an essential role in generating appropriate cardiovascular responses, which appear
to be a mechanism of cardio-vagal outflow mediated by the parasympathetic branch of the

nervous system.

During the onset of volitional exercise, the rapid cardiovascular response is appropriately
matched to the intensity and effort of the exercise performed (Mitchell, 2012). These autonomic
changes were first described by Krogh & Lindhard in 1913, and the contributing central control
mechanisms have interested scientists for well over 100 years (Krogh & Lindhard, 1913;
Leonard et al., 1985; Mitchell, 2012; Victor, Secher, Lyson, & Mitchell, 1995). Central
command is classically defined as the feed-forward mechanism involving parallel activation of
motor and cardiovascular centres (Williamson et al., 2006). These rapid HR increases at exercise
onset appear to represent a feed-forward component of autonomic control, due to the fact it is
associated with the perceptual effort of exercise (Krogh & Lindhard, 1913; Williamson et al.,
2001, 2006). Furthermore, this early HR response is achieved primarily through the withdrawal
of vagal activity to the heart. Studies of volitional IHG have found that the rapid increase in HR
precedes the peripheral sympathetic responses (Mark et al., 1985), is not affected by beta-
receptor blockade (Mitchell et al., 1989), and can be attenuated or entirely eliminated through
atropine (vagal) blockade (Hollander & Bouman, 1975; Leonard et al., 1985; Victor et al., 1995).

Taken together, the available data suggest that high neuronal activity at baseline state of
the prefrontal cortex leads to high cardio-vagal outflow, and that removal of this neural influence
leads to vagal withdrawal at the heart. If the rise in HR during handgrip exercise is due to vagal
withdrawal as well as reduced activity in the prefrontal cortex compared to baseline, then it
follows that retention of neuronal activation in the prefrontal cortex during handgrip exercise

should prevent the handgrip-induced tachycardia.

The primary purpose of this investigation was to examine the effect of direct electrical
stimulation of the prefrontal cortical region on the HR response during a brief IHG task. The use

of brief IHG task allows us to evaluate transient HR changes mediated by parasympathetic



withdrawal. We recruited patients undergoing intracranial electroencephalography (iEEG)
monitoring, in whom electrical stimulation mapping (ESM) was indicated for clinical seizure
localization. Our electrical stimulation experimental model is the first to assess whether small
electrical currents conducted through the prefrontal cortex can disrupt the regular neural
transmission believed to be associated with transient HR changes in the human brain. This
research tested the hypothesis that direct electrical stimulation of the MPFC and OFC during
IHG attenuates the HR response associated with the task.



Chapter 2

2 Literature Review

2.1 Heart Rate Response to Exercise

The rapid shortening of the R-R interval of the cardiac cycle characterizes the prominent
autonomic response at the onset of exercise (Secher, 1985) to meet the increased metabolic
demands of the exercise (Mitchell, Kaufman, & Iwamoto, 1983; Mitchell, 2013). Cardiovascular
adjustments are coordinated through a series of reflexes at central brain sites associated with
sensory afferents (Mitchell et al., 1983) from the working muscle as well as the volitional effort
associated with the exercise (Williamson et al., 2006). However, differentiating the
parasympathetic and sympathetic contributions presents a challenge because these two branches
of the nervous system are tonically active and often respond simultaneously. Generally, if
parasympathetic activity decreases, then sympathetic activity increases. For example, when high
pressure sensitive arterial baroreceptors are disinhibited by moving from the supine to upright
postures, the baroreflex centres in the brainstem increase sympathetic activity inducing arterial
vasoconstriction while parasympathetic activity on the heart is reduced (Spyer, 1981).

However, certain manoeuvres can help dissociate the typical inverse relationships
between vagal and sympathetic directional changes during stress. Carefully designed studies
utilizing voluntary and static handgrip contractions have offered the opportunity to differentiate
some of the parasympathetic and sympathetic contributions to the exercise response. Tachycardia
is often observed in concert with sympathetic vasomotor components; however, these peripheral
vasoconstrictor components of the response have a delayed course of onset that is associated
with the gradual build-up of fatiguing muscle metabolites (Victor, Seals, & Mark, 1987).
Sympathetic neural recordings have shown that moderate intensity handgrip produces a rapid
tachycardia that precedes vasoconstrictive sympathetic nerve activity by ~ 30 seconds (Mark et
al., 1985). Further, this immediate tachycardia response is found to be largely attenuated or
eliminated by administration of vagal blockade (Hollander & Bouman, 1975; J. H. Mitchell et
al., 1989; Vianna, Fadel, Secher, & Fisher, 2015; Victor et al., 1987). Mitchell et al. (1985)
demonstrated that atropine (a muscarinic antagonist) substantially attenuated the tachycardia

response to static quadriceps femoris exercise, whereas beta adrenoreceptor blockade did not



affect the response. Together, these observations demonstrate that the transient tachycardia
response to exercise is mediated predominantly by the withdrawal of parasympathetic activity to
the heart (Hollander & Bouman, 1975; Victor et al., 1987).

2.1.1 Central Command

Central command is classically defined as the descending neural signals from higher
brain regions of the central nervous system, which are capable of coordinating muscular
contractions, respiratory function and the cardiovascular response during exercise in parallel
(Krogh & Lindhard, 1913; Williamson et al., 2002, 2006). Thus, the autonomic response to
exercise is believed to be comprised of both ascending sensory signals from the working muscle,
and descending signals from cortical regions associated with the perceptual effort of exercise
(Macefield & Henderson, 2019a; Secher, 1985; Williamson et al., 2002, 2006). Investigations of
the concept of central command have primarily revolved around associating an individual’s
perception of effort with their cardiovascular response, independent of the actual workload or
force produced. For example, the use of partial neuromuscular blockade enables disassociation
between an increase in central command from the feedback of metabolic (type 111/V1) and
muscle tension receptors (type I/11) during voluntary exercise (Leonard et al., 1985; Mitchell et
al., 1989). This model was used to demonstrate that lowering work performed with partial-
curarization (neuromuscular blockade) during static handgrip exercise did not eliminate the HR
and BP responses (Mitchell et al., 1989). Furthermore, administration of atropine was found to
attenuate this HR response that was preserved during neuromuscular blockade, suggesting that
withdrawal of parasympathetic activity on the heart is an important mechanism mediated by
central command during static exercise (Mitchell et al., 1989). This concept is also supported by
observations that an imagined handgrip exercise can elicit the same cardiovascular response as
actual exercise (Williamson et al., 2001, 2002).

While it remains generally accepted that an individual’s perception of volitional effort
during exercise is closely coupled with elevated cardiovascular responses, the direct mechanisms
and higher region(s) of the central nervous system involved in generating these autonomic
adjustments remain in question. A growing body of evidence has suggested this autonomic
function may be represented in the prefrontal cortex, more specifically the MPFC, OFC, and IC.

Contributions of these regions are discussed in detail later in the review (sections 2.2 and 2.3).



2.1.2 Cardio-vagal control

In 1921, Loewi first discovered the release of a neurotransmitter, later named
acetylcholine, in regions of the heart during stimulation of the vagal nerve in frogs and toads. In
the following years, acetylcholine was observed to have an inhibitory effect on heart rate (Loewi
and Navratil, 1926). The cardio-inhibitory effects via cholinergic transmission are the result of:
(i) a decreased rhythm of the sinus node; and (ii) decreased excitability of the atrial ventricular
junctional fibers, and thus, slowing the of excitatory cardiac impulses through the ventricles
(Blumenthal et al., 1968; Saul, 1990). In humans, when both cardiac vagal and sympathetic
inputs are blocked pharmacologically, with atropine and proponalol respectively, the sinus node
fires action potentials spontaneously at a frequency of about ~100 beats per minute in the
absence of external influences (Saul, 1990). Intrinsic resting HR is significantly lower (~70
bpm), supporting the idea that influence of parasympathetic activity to the sinus node must have
a net suppressive effect over sympathetic influence at rest. As a consequence, the withdrawal of
tonically active vagal tone on the sinus node results in a prominent increase of HR (Fontolliet et
al., 2018; Leonard et al., 1985). Functionally, the ability to decrease vagal tone with low latency
appears to be important in the onset of effortful tasks (Freyschuss, 1970; Krogh & Lindhard,
1913; Leonard et al., 1985; Wong, Massé, et al., 2007), and in variability of HR associated with
attentional regulation and executive function (Thayer et al., 2012). The loss of normal autonomic
nervous system regulation of HR and cardiac rhythm may result in diminished beat-to-beat HR
variability (Van Ravenswaaij-Arts et al., 1993; Shaffer et al., 2014), a strong predictor of sudden
cardiac death and fatal arrhythmias (Bigger et al., 1993; Dreifus et al., 1993).

2.2 Cortical Autonomic Network

The CAN includes the following components: the prefrontal cortices, 1C, amygdala,
hippocampus, stria terminalis, hypothalamus, midbrain PAG matter, NTS, and other functionally
important medullary nuclei such as the NA and RVLM (Figure 2.1) (Cechetto, 2014; Ongiir &
Price, 2000; Thayer et al., 2012). MPFC, OFC, and IC regions of the neocortex are believed to
be involved in the highest order of processing viscerosensory information and initiating
integrated autonomic functions (Benarroch, 1993; Neafsey, 1991). The prefrontal cortex and

neighbouring limbic regions (IC, amygdala) are intimately interconnected both with each other,



and with the hypothalamus, PAG, NTS, and ventrolateral medulla (Cechetto, 2014; Ongiir et al.,
1998; Onglir & Price, 2000). The prefrontal cortex and the hippocampus are ascribed similar
functional roles in facilitating predictions about upcoming outcomes (G. Ruit & Neafsey, 1990;
Wikenheiser & Schoenbaum, 2016), and may be involved in cortically-mediated HR responses
to exercise (Norton et al., 2013). In the dorsolateral medulla, the NTS is supplied by baroreceptor
afferents, and forms a critical connection with the ventrolateral medulla for baroreflex induced
sympathoinhibition and cardio-vagal stimulation (Beckstead & Norgren, 1979; Guyenet et al.,
1989; Torvik, 1956). Within the midbrain, the PAG is subdivided into four longitudinal tracts
that coordinate autonomic, nociceptive, and motor mechanisms for psychological stressors,
defensive, and reproductive behaviours (Bandler et al., 1991; Dampney, 2018). More
specifically, the dorsolateral PAG region evokes changes in sympathetic drive and baroreflex
sensitivity (Inui et al., 1994; Keay & Bandler, 2001; Sverrisdottir et al., 2014). Discrete central
brain sites such as the NTS and PAG participate in highly coordinated reflex arcs involved in
responding to stimuli (i.e. somatosensory/ visual inputs) with the appropriate cardiovascular and
respiratory effect: These regions appear to integrate some degree of descending cortical input

when coding an autonomic response (Benarroch, 1993; Dampney, 2018).
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Figure 2.1: The major components of the cortical autonomic network (CAN). MPFC = medial

prefrontal cortex; OFC = orbitofrontal cortex; ACC = anterior cingulate cortex; IC = insular
cortex; PAG = periaqueductal grey; NTS = nucleus tractus solitarius; RVLM = rostral
ventrolateral medulla; NA = nucleus ambiguus; DMN = dorsal motor nucleus. The CAN
receives ascending inputs from brain stem sites, which reach the limbic system, and eventually
the MPFC and OFC which are believed to be responsible for the highest order of processing and
integration of multimodal sensory information. Descending CAN inputs from the prefrontal
cortices project onto medullary sites via the PAG, where eventually the sympathetic and
parasympathetic branches of the nervous system influence the heart rate and contractibility.



2.2.1 Associated Neural Pathways

The midbrain contains several key loci involved in autonomic function including the PAG, NTS,
RVLM, NA, and parabrachial (PB) nuclei (Figure 2.2) (Benarroch, 1993; Ongiir & Price, 2000;
Owens & Verberne, 2001; Shoemaker & Goswami, 2015; Verberne, 1996). These lower regions
of the brain form well-defined reflex arcs (i.e, baroreflex, chemoreflex), that produce highly
coordinated responses to afferent viscerosensory inputs (Francis et al., 1999; Schreihofer &
Guyenet, 2002; Spyer, 1981). These neural circuits are located primarily at the medullary level
which suggests they may not be entirely dependent on cortical inputs, and thus, are thought to
operate subconsciously. This is an oversimplification of course, and the following section aims

to cover the important relationships shared between the brainstem and higher cortical sites.

"~ Periaqueductal
/ Gray Matter

Parabrachial
Region

Nucleus Tractus
Solitarius

Nucleus Ambiguus , .
3
Rostral Ventrolateral

Medulla

Figure 2.2. Simplified schematic of the major brain stem nuclei involved in the central
autonomic network. Note, the labeled nuclei columns are highly interconnected with one
another, and form neural circuits integrating afferents from mechanoreceptor, chemoreceptor,
and respiratory control. For example, afferents from vagal (X) and glossopharyngeal (1X) cranial
nerves terminate at the nucleus tractus solitarius, and form circuits with the nucleus ambiguus

which is highly involved in cardiac control. This figure was recreated with permission, from a
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figure originally published in Mayo Clinic Proceedings, 68(10), E. Benarroach, The Central
Autonomic Network: Functional Organization, Dysfunction, and Perspective, 988-1001,
Copyright Elsevier (1993).

In the midbrain, the PAG nuclei plays a critical role in autonomic function and behavioural
responses to threatening stimuli as well as in pain inhibition (Behbehani, 1995; Benarroch, 1993;
Dampney, 2018). In particular, the PAG is essential in cardiorespiratory responses in the context
of fear responses, psychological stressors, and other defensive and emotional behaviors (Carrive
& Bandler, 19913, 1991b; Dampney, 2015, 2018; Inui et al., 1994; Keay & Bandler, 2001;
Lovick, 1985). Recent anatomical studies have identified that midbrain PAG columns receive
distinct sets of ascending (spinal and medullary) and descending (cortical and hypothalamic)
afferents (Keay & Bandler, 2001). For example, stimulation of the cardiac sympathetic afferents
in cats (Guo et al., 2002) and noxious visceral stimuli inducing a depressor response in rats
(Clement et al., 1996) increases c-fos expression in the PAG. While in humans, neuroimaging
data reveals increased activity in the PAG during maximal inspiration and Valsalva manoeuvre
(Topolovec et al., 2004). Interestingly, deep brain stimulation targeting the PAG reduced BP in
hypertensive individuals (Green et al., 2005, 2006; Pereira et al., 2010), and modified muscle
sympathetic nerve activity when targeting the dorsal lateral PAG (Sverrisdéttir et al., 2014). The
prefrontal cortex also projects to the PAG, primarily the dorsal lateral PAG (Hurley et al., 1991;
Neafsey et al., 1986). In rats, PAG projections originate from large regions of the prefrontal
cortex and overlap with superior colliculus and NTS projections, suggesting the PAG is involved
in a wide range of brain visceral and somatic functions (Neafsey et al., 1986; Terreberry &
Neafsey, 1987; Van Der Kooy et al., 1982). These projections onto autonomic centers of the
brainstem support the concept of prefrontal cortices functioning as a “visceral motor cortex”
(Terreberry & Neafsey, 1987), in which cortical inputs are believed to be involved in coupling
emotional stimuli to physiological responses such as bradycardia and tachycardia responses
(Bandler et al., 2000; Benarroch, 1993; Keay & Bandler, 2001). However, few studies have
investigated the function of direct projections from the prefrontal region to the PAG. One recent
optogenetics study in mice found that selective inhibition of prefrontal projections to the dorsal

PAG produced a behavioural response mimicking “social defeat” (Franklin et al., 2017).
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Anatomically, animal models have indicated extensive connections of the prefrontal cortex to
important brain stem autonomic regions. Tract tracing studies demonstrate that neurons in the
medial and lateral prefrontal cortex terminate throughout the rostrocaudal NTS of the dorsal
brainstem (Terreberry & Neafsey, 1983; Van Der Kooy et al., 1982, 1984) with high antidromic
conduction velocities (0.7 m/s) (G. Ruit & Neafsey, 1990). Importantly, the NTS is the first relay
site of the central nervous system for visceral afferents carried by the vagal (X) and
glossopharyngeal (1X) cranial nerves (Beckstead & Norgren, 1979; Torvik, 1956), serving two
key functions: i) initiating medullary autonomic reflexes, including cardiovascular and
respiratory, and ii) supplying viscerosensory inputs to the CAN (Benarroch, 1993; Guyenet et al.,
1989). The NTS has been shown to send output to the PB nucleus in the pons, and the PB
nucleus projects to several cortical regions associated with autonomic control such as the IC and
amygdala (Cechetto & Saper, 1987; Cechetto & Shoemaker, 2009). These findings have helped
localize the representation of viscerosensory input in the prefrontal cortices (Neafsey, 1991;
Terreberry & Neafsey, 1987; Van Der Kooy et al., 1982), establishing an important link and
earning this region the nickname, “visceral motor cortex”. Importantly, CAN contributions to the
sinoatrial node of the heart are under the tonic inhibitory control via the GABAergic neurons of
the NTS (Owens et al., 1999; Potts, 2006; Thayer et al., 2012).

Within the medulla oblongata, the NTS activates efferent cardio-vagal neurons of the NA and
the DVM nucleus (Benarroch, 1993; Van Der Kooy et al., 1982). Thus, inhibition of the NTS
can result in a deactivation of the cardio-inhibitory effect at these primary preganglionic
parasympathetic centers (Van Der Kooy et al., 1982). Another important relay of the NTS
includes the inhibition of RVLM neurons in the brainstem, which constitute the primary circuitry
of the vasomotor baroreflex (Guyenet, 1990;Verberne, 1996). The sympathoexcitatory neurons
located in the RVLM are mediated in part by neighboring regions in the brain stem, such as the
NTS (Thayer et al., 2012; Van Der Kooy et al., 1982). In addition to indirect mediation, light-
microscopic anterograde tracing (Hurley et al., 1991) and retrograde tracing (Van Bockstaele et
al., 1989) experiments in rats suggest direct projections exist from the MPFC to the RVLM

(Verberne, 1996), which may also contribute to depressor and sympathoinhibitory responses.

These findings highlight the imperative role of midbrain neural circuitry in cardiac and
vascular control. It is conceivable that a combination of these pathways is likely to participate in
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the vasodepressor responses elicited from the prefrontal cortex. However, some evidence reveals
that subdivisions of the prefrontal region do not share identical efferent projections (Ongir &
Price, 2000), and this is further complicated when comparing across species (Bandler et al.,
2000; Dampney, 2018; Seamans et al., 2008). The mechanisms and specific cortical inputs
involved in these pathways remain poorly understood, especially in humans, and merit further

investigation.

2.3  The Prefrontal Cortex
The prefrontal cortices most relevant in the CAN include the MPFC, OFC, and the IC

which is also categorized as a limbic structure. Anatomically, MPFC is a region largely
synonymous with the OFC, with the orbitofrontal cortices extending further ventro-laterally
(Figure 2.3). The OFC and MPFC are linked to executive functions such as response planning,
learning, predicting and evaluating outcomes, by supporting response inhibition, attention, and
emotion behaviours (Franklin et al., 2017; Wallis, 2007). It has been proposed that these regions
evaluate and interpret situational and environmental information while integrating past
experiences, via working memory in response planning (Franklin et al., 2017; Wallis, 2007). The
OFC receives processed information from all sensory modalities (Cavada et al., 2000; Ongiir et
al., 1998; Romanski et al., 1999; Wallis, 2007), whereas only weak motor connections exist in
the area (Carmichael & Price, 1995). Using functional imaging, the MPFC has also been
associated with an elevated “default” mode of brain activity during rest, and its level of neuronal
activity decreases relative to baseline at the onset of volitional exercise or a non-specific task
requiring attention (Raichle et al., 2001; Shulman et al., 1997; Wong, Massé, et al., 2007).
Another prominent feature of the OFC and MPFC is the relative location, and the presence of a
multitude of inputs from the limbic system, including the hippocampus, amygdala and cingulate
cortex (Carmichael & Price, 1995; Cechetto, 2014). The limbic system is thought to have a role
in coupling emotional stimuli to autonomic adjustments (Bandler et al., 2000; Dampney, 2016;
Keay & Bandler, 2001). Furthermore, it shares a number of direct connections with autonomic
sites, such as the hypothalamus and PAG (Dampney, 2018; Franklin et al., 2017; Ongdr et al.,
1998).
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Orbitofrontal Cortex

Medial Prefrontal Cortex

Figure 2.3. Approximated areas of regions recognized as the orbitofrontal cortex (OFC) and
medial prefrontal cortex (MPFC) on a T1-weighted anatomical magnetic resonance imaging scan
of a representative participant. The left image shows a centered sagittal slice, where much of the
medial wall of the prefrontal cortex is regarded as the MPFC, whereas the OFC overlaps with the
ventral MPFC. The right image shows an axial slice near the ventral surface of the prefrontal

cortex, where the OFC overlaps with MPFC but also extends ventro-laterally.

Our understanding of this complex neocortical region in the functional role of autonomic
control has relied primarily on animal models utilizing electrical stimulation, chemical
stimulation, ablation studies, and tracing of neuronal tracts, while human studies have focused on
functional neuroimaging techniques, as well as limited evidence from studying prefrontal brain
injury patients. This section will cover the growing body of animal and human research
supporting the representation of the prefrontal cortex in the autonomic nervous system and will

attempt to parse out the role of the region in the CAN, specifically in cardiovascular control.
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2.3.1 Electrical Stimulation of the Cortical Autonomic Network

A variety of autonomic responses can be elicited by electrical stimulation of the prefrontal
cortex. The earliest electrical stimulation studies included a series of classical experiments in
primates which reported that stimulation of the anterior cingulate, orbital, and insular regions of
the prefrontal cortex could cause both pressor and depressor responses, large inhibitions in
respiration, complete cessation of heart rate, and pupillary dilation and constriction (Kaada et al.,
1949; Smith, 1945; Wall & Davis, 1951; Ward, 1948). These earlier investigations used large
currents which may have co-activated neighboring regions or other neural tracts. More recently,
studies using relatively small currents in the prefrontal cortex have reported effects of
bradycardia, hypotension, and gastro-motor (gastro-intestinal motility) in both awake and
anaesthetized rats and rabbits (Buchanan et al., 1985; Buchanan & Powell, 1984; Burns & WYyss,
1985; Hurley-Gius & Neafsey, 1986; Owens et al., 1999). In lower species, these effects were
primarily localized to the MPFC. Direct cortical stimulation studies have also attempted to
address hypotheses regarding which medullary neuronal groups mediate the observed MPFC
parasympathetic responses. One such report, found that the depressor and sympathoinhibitory
responses attained from low intensity stimulations in the rat MPFC were attenuated following the
inhibition of NTS neurons using microinjections of the GABAA receptor agonist muscimol
(Owens et al., 1999). The vasomotor baroreflex was also inhibited during NTS neuron muscimol
injection, although authors were unable to directly link this effect to the MPFC pathway (Owens
et al., 1999). Furthermore, Verberne reported about half of the RVLM sympathoexcitatory
neurons tested were inhibited by MPFC stimulation in rat, while no RVLM neurons were ever
excited by MPFC stimulation, suggesting that a subpopulation of RVLM neurons may be under
inhibitory control of cortical inputs (Verberne, 1996). To this date, there is little evidence from
stimulation studies that has contributed to identifying local physiological mechanisms explaining
the effects of MPFC stimulation. Owens & Verberne found that the administration of a nitric
oxide (NO) synthesis inhibitor, N®-nitro-L-arginine methyl ester (L-NAME), significantly
reduced the MPFC stimulation depressor response, with large reductions in flow seen in the
mesenteric and iliac vascular beds (Owens & Verberne, 2001). This suggests that an NO-
mediated vasodilation mechanism may be associated with the depressor response seen from
MPFC stimulation (Owens & Verberne, 2001), however, further investigations studying local

mechanisms are merited.
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2.3.2 Induced Lesions

Animal models involving ablations have conclusively demonstrated the involvement of the
prefrontal cortex in cardiovascular control. Rodents with bilateral excitotoxin MPFC lesions did
not show altered resting MAP and HR, however, the baroreceptor HR reflex responses to pressor
and depressor agents (phenylephrine and sodium nitroprusside) were diminished (Verberne et al.,
1987). Cardiovascular responses to conditioned emotional stimuli in rats also appear reduced
following MPFC lesions (Frysztak & Neafsey, 1994). Frysztak & Neafsey reported that awake
rats with lesioned MPFC had diminished tachycardia and behavioral (‘freeze’) responses to
conditioned fear (Frysztak & Neafsey, 1991, 1994), highlighting the functional relationship of
the prefrontal and limbic regions. Connections between the MPFC and hippocampus appear to be
imperative in eliciting cardiovascular responses. Bilateral lesions of the MPFC in rat were found
to abolish the bradycardia and depressor response observed during ventral hippocampus
stimulation (K. G. Ruit & Neafsey, 1988). Taken together, animal models with removal of the
MPFC suggest the idea that the MPFC is not responsible for exerting tonic influence on
vasomotor control, but instead, acts as a critical relay center for the autonomic nervous system

during responsive cardiovascular adjustments.

Invasive animal models have broadened our understanding of the representation of the
autonomic nervous system in the prefrontal cortex. However, as with studies of other cortical
areas, the responses obtained have been variable in different species and varying conditions (i.e.
anesthesia) (Kaada et al., 1949; Smith, 1945; Wall & Davis, 1951; Ward, 1948). The complexity
of the human and primate prefrontal cortex must be taken into consideration (Ongiir & Price,
2000). In the prefrontal cortices of lower species such as rodent, information processing and
combining of elements likely occurs at a rudimentary level (Bandler et al., 2000; Seamans et al.,
2008; Uylings et al., 1990). The following section continues into the review of the prefrontal

cortex in the CAN, but in humans, which poses other unique challenges.

2.3.3  Neuroimaging

Functional magnetic resonance imaging (fMRI), particularly in humans, has offered new

perspectives into understanding the functional anatomy of the CAN. The most common fMRI
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uses blood-oxygen-level dependent (BOLD) contrast, discovered by Seiji Ogawa in 1990
(Ogawa et al., 1976). This technique enables mapping of neural activity in the brain by imaging
changes in blood flow related to metabolic expenditure in brain cells (Ogawa et al., 1976). In the
context of autonomic neuroanatomy, this approach provides strictly correlational data and does
not offer the same degree of temporal resolution of electrophysiology or spatial resolution of
tract tracing, but instead, is able to provide a complete view of the brain enabling the study of
whether regions become more or less metabolically active compared to resting levels (Cechetto
& Shoemaker, 2009; Raichle et al., 2001).

In 1999, King et al. were the first to utilize this imaging approach to examine regions of
the forebrain involved in visceral function (King et al., 1999). They identified increased
activation of the MPFC, IC, and thalamus during tasks that altered HR and BP such as maximal
inspiration, Valsalva manoeuvre and isometric handgrip tasks (King et al., 1999). Similarly,
Harper et al. used the Valsalva manoeuvre and cold compression to induce HR and BP changes,
and observed widespread activation in the MPFC, anterior cingulate and insular cortices (Harper
et al., 2000). However, they noted that these brain activation patterns were composed of both
autonomic and noxious inputs (Harper et al., 2000). Another investigation using positron
emission tomography (PET) imaging had participants perform short-duration handgrip and
mental mathematics to induce acute and transient cardiovascular changes, and found that
sympathetic nervous system activation was lateralized to the right anterior cingulate, and right
insula, whereas parasympathetic nervous system activation was represented in the amygdala,
orbitofrontal and ventromedial cortices, left insula, and cingulate (Critchley, Corfield, et al.,
2000; Critchley, Elliott, et al., 2000). Furthermore, measures of spontaneous fluctuations in skin
conductance (electrodermal activity), an index reflecting sympathetic tone, were correlated with
activation in anterior cingulate, orbitofrontal, insular, and medial prefrontal cortices, whereas
only the orbitofrontal activation appeared altered during arousal and relaxation tasks involving
biofeedback (Critchley, Corfield, et al., 2000; Critchley, Elliott, et al., 2000; Nagai et al., 2004).
These early fMRI experiments were essential in supporting the notion that autonomic responses

enroll a complex network of cortical sites.

In volitional exercise, fMRI has successfully illustrated the network of forebrain regions

with important influence over autonomic outflow and cardiovascular control, although it must be
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considered that most volitional motor tasks involve a degree of motor, cognitive and/or sensory
components (Cechetto & Shoemaker, 2009; Shoemaker & Goswami, 2015). Thus, functional
imaging presents the issue of discerning regions responding to afferent signals from regions that
are more so involved in the generation of autonomic responses. To address this complication of
dual modality activation, investigators have used selective models with passive or active stimuli.
An early investigation by Williamson et al. found significant changes in the left insula with
dynamic exercise (active cycling), but not during passively induced exercise, and suggested that
the left insula is responsible for reductions in cardio-vagal activity only during exercise
involving a volitional component (Williamson et al., 1997). In another dynamic cycling study,
they demonstrated that increasing the physical exertion in volitional exercise resulted in a greater
magnitude of insular activation (Williamson et al., 1999). Further, with the use of a more
controlled static handgrip exercise model, Williamson et al. attempted to assess the role of
central command in exercise induced BP changes (Williamson et al., 2003). The initial BP
increase associated with handgrip was compared to the sustained BP increase in the post-exercise
cuff occlusion (PECO) protocol (Williamson et al., 2003). They postulated that the higher
activation observed in insular and anterior cingulate cortices with the handgrip, compared to
PECO, may be representative of regions with important influence over central command
(Williamson et al., 2003). A hypnosis study by this group also reported activation in the insular
and anterior cingulate cortices that occurred only when the imagined handgrip protocol elicited
cardiovascular responses (Williamson et al., 2002).

Despite the clear role of the prefrontal cortex in modulating cardiovascular responses,
there are a limited number of studies defining the specific role of the region in volitional
exercise. In an fMRI investigation, Wong et al. looked at cortical correlates of the cardio-vagal
withdrawal response during short handgrip exercise (Wong, Massé, et al., 2007). By correlating
the acute HR and BP response to handgrip with the imaging data, they found that the increased
HR response was associated with the deactivation of the ventral MPFC and elevated activity in
the insular and motor cortices (Wong, Masse, et al., 2007). During a parallel microneurography
experiment, they reported no peripheral sympathetic (MSNA) response in the handgrip protocol
(Wong, Massé, et al., 2007). These findings suggest the deactivation of the ventral MPFC is
involved in the transient cardio-vagal withdrawal response evoked by this effortful task, which
likely precedes the sympathetic response to strenuous exercise (Wong, Massg, et al., 2007).
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Interestingly, the ventral MPFC was still deactivated during handgrip trials at 5% maximum
voluntary contraction (MVC) where no tachycardia response was seen, however, the deactivation
was significantly higher when HR increased throughout 35% MVC trials (Wong, Massé, et al.,
2007). In the context of health, Wood et al. showed that individuals with higher cardiorespiratory
fitness had greater deactivation in the MPFC and hippocampus during handgrip task, even
though cardiorespiratory fitness was not a predictor of HR responses (Wood et al., 2017).
Conversely, during periods of sub-motor electrical stimulation of wrist flexors (targeting fast
conducting type | and/or type Il afferents), the somatosensory inputs appeared to be represented
by increased activity in the ventral MPFC and insular cortex (Goswami et al., 2011). Moreover,
the somatosensory stimulation represented in this region appears to have a neuromodulatory
effect of sympathoinhibition on muscle sympathetic outflow during baroreflex unloading
(Goswami et al., 2012). Thus, these prefrontal regions appear involved in the parasympathetic
nervous system, and may also play a role in modulation of sympathetic regions associated with
baroreceptor afferents, such as the NTS, RVLM, and NA (Benarroch, 1993; Macefield &
Henderson, 2019b; Ongiir & Price, 2000; Thayer et al., 2012).

Notably, the ventral MPFC has previously been implicated in the “default mode network”, in
which a number of prefrontal cortical regions that have elevated activity at a passive resting
state, appear to decrease in neural activity during active tasks, regardless of the task (Gusnard et
al., 2001; Gusnard & Raichle, 2001; Nagai et al., 2004; Raichle et al., 2001; Shulman et al.,
1997). A physiological account of this state was reported by Nagai et al., where a significant
negative correlation was seen between skin conductance and activation in ventral MPFC and
OFC during both relaxation and arousal tasks (Nagai et al., 2004). Other studies report ventral
MPFC activity elevated in vegetative states in monkeys (Rolls et al., 2003), and during resting
state in humans (Raichle et al., 2001), supporting the influence of parasympathetic activity in this
region. Gusnard et al. theorize that the network is associated with continuous processing during
the waking state, and the introduction of a goal-oriented task suspends the integration of
emotional and cognitive processes (Gusnard et al., 2001; Gusnard & Raichle, 2001).
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2.4 Clinical Correlations

The importance of the prefrontal cortex in autonomic control and health in humans is also
reflected in clinical evidence. Seizures arising from the prefrontal, hippocampal, and amygdalar
regions may produce autonomic manifestations such as cardiac arrhythmias, viscerosensory
phenomena, brief apnea, sweating, and piloerection (Cheung & Hachinski, 2000; Devinsky,
2004; Devinsky et al., 1986; Terrence et al., 1981). Notably, cardiac arrhythmias may be
responsible for SUDEP in patients who have no previous history of cardiac disease (Cheung &
Hachinski, 2000; Devinsky, 2004; Oppenheimer et al., 1990; Terrence et al., 1981). In focal
seizures, autonomic changes are a commonly observed, including reports of asystole and
syncope due to altered cardio-vagal activity (Oppenheimer et al., 1990; Tinuper et al., 2001).
Also, ischemic strokes involving the IC and neighboring regions of the prefrontal cortex can lead
to fatal cardiac arrhythmias that may explain sudden death early after stroke (Cheung &
Hachinski, 2000; Colivicchi et al., 2004; Oppenheimer et al., 1990). These clinical investigations
also reveal that seizures or stroke in the prefrontal cortex can result in asymmetric activation of
cardio-vagal and sympathetic outflow on the heart, causing an imbalance in the intrinsic
electrophysiological properties of the heart (Benarroch, 1993; Colivicchi et al., 2004; Hachinski
et al., 1992; Oppenheimer et al., 1990, 1992; Talman, 1985).

In humans, damage to prefrontal regions may lead to a range of deficits in personality,
social decision making, goal directed behavior, and impulse control, in spite of otherwise normal
cognition and intellectual performance (Barrash et al., 2000; Damasio et al., 2013; Hilz et al.,
2006; Wallis, 2007). These deficits may be related to autonomic dysfunction. A study of patients
with prefrontal damage found that they were not able to generate anticipatory skin conductance
responses to a risk evaluation task, supporting the idea that these patients suffer deficits in
evaluating future outcomes and decision making (Bechara et al., 1996; Rolls & Grabenhorst,
2008). Clinical data also link the prefrontal cortex with mood, depression/anxiety, and stress
disorders (W. C. Drevets et al., 1998; Wayne C. Drevets et al., 1997; Pezawas et al., 2005). Since
visceral function and emotion are closely associated in the prefrontal cortex (LeDoux et al.,
1983), it is conceivable that this region may in part be responsible for the link between emotional
disorders and cardiovascular complications (Dampney, 2015; Hansel & von Kénel, 2008; Hilz et
al., 2006; Jiang et al., 2005; Joynt et al., 2003; Liu & Ziegelstein, 2010). For example, Hilz et al.
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found that compared to healthy controls, patients with right ventral MPFC lesions exhibited
paradoxical cardiovascular responses to pleasant and unpleasant emotional stimuli (Hilz et al.,
2006). A growing body of evidence has also proposed depression disorder as an independent risk
factor for ischemic heart disease (Jiang et al., 2005; Joynt et al., 2003; Liu & Ziegelstein, 2010).
Recently, an investigation in persons with epilepsy and depression, in whom IEEG implants were
indicated for seizure monitoring, found that direct prefrontal cortex (specifically, lateral
orbitofrontal) electrical stimulations caused acute, dose-dependent improvements in mood-state
and depression symptoms (Rao et al., 2018). While the exact mechanisms still remain largely
unclear, the cardiovascular complications observed in these patient populations may be related to
prefrontal cortical damage causing altered generation of vagal outflow on the heart. Interestingly,
VNS provides an effective therapy for patients with DRE (DeGiorgio et al., 2000; Handforth et
al., 1998; Ronkainen et al., 2006), and clinical depression (Rush et al., 2000, 2005; Sackeim et
al., 2001), although the exact effects of this approach on mid brain and CAN circuitry remain to
be determined. Increasing our knowledge on the relationship between autonomic and emotional
aspects of the prefrontal cortex will likely yield important diagnostic and therapeutic

implications.

2.5 Summary & Purpose

The prefrontal cortical region plays an important role in mediating appropriate
cardiovascular responses. Specifically, a reduction in MPFC neural activity is associated with
rapid changes in HR at the onset of a volitional task, which is believed to reflect changes in
cardio-vagal influence (Mitchell et al., 1983; Wong, Massé, et al., 2007). However, a specific
role of this region in cardio-vagal activity remains difficult to validate in humans, and with that,
the cardiac complications associated with impaired prefrontal cortex function remain poorly
understood (Cheung & Hachinski, 2000; Oppenheimer et al., 1990; Terrence et al., 1981).
Persons with epilepsy admitted for depth electrode monitoring, whom are indicated for cortical
stimulation mapping for seizure localization, offer a unique opportunity to study the feed-
forward cardiovascular contributions of the prefrontal cortex (Al-Otaibi et al., 2010; George et
al., 2020). Therefore, the purpose of the present study was to investigate the effect of small

electrical currents conducted through the MPFC and OFC on the transient HR response to brief
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2-second bouts of isometric handgrip exercise. This investigation tested the hypothesis that
stimulation of the MPFC and OFC will diminish the tachycardia response to voluntary handgrip

exercise by modulating the normal reduction in neural transmission from these regions.
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Chapter 3

3 Methods
3.1 Participants

All participants provided written informed consent and received detailed explanations of
the experimental protocol prior to participation. The study was approved by the Health Sciences
Research Ethics Board at Western University. The research procedures were performed in

accordance with the Declaration of Helsinki.

Participants were included if they had electrodes implanted in brain regions of interest
and were willing to cooperate with the study protocol. Patients were excluded if they declined to
provide informed consent, or had significant cardiac arrhythmia or severe cardiovascular
complications. A total of nine participants consented to the study. The nature of the exclusion
criteria required that some data be collected to determine cardiac variability and epileptogenic

sites of stimulation. More information on excluded patients is provided in the results.

Overall, the aggregate data reflect seven patients (38 + 12 years old; 3 females, 176 + 7
cm, 82 + 13 kg, and a body mass index of 26 + 3 kg/m?), who had been diagnosed with DRE and
were undergoing iIEEG surveillance for seizure onset localization at the Epileptic Monitoring
Unit (EMU), at the University Hospital in London Ontario. Patients were between the ages of 24
and 57 years. Two patients who signed consent were studied but their data were not included in
the aggregate report: one patient had a consistent arrhythmia, and the other patient had a seizure
onset zone localized within the study region of interest, and thus would likely exhibit after
discharges and seizure activity when stimulating the prefrontal cortical area. However, outcomes
from each of these patients are described as case studies in this report. Patients were on various
standard anti-seizure drugs (ASDs) prescriptions used to control seizures in DRE including
lacosamide (n=5), lamotrigine (n=2), clobazam (n=1), levetiracetam (n=3), phenytoin (n=1),

valporic acid (n=1), and carbamazepine (n=1).

Intracranial depth EEG electrodes (iEEG) were implanted on the day of admission to the
EMU, about ~1-2 weeks before testing. All patients underwent comprehensive brain magnetic

resonance imaging (MRI) prior to craniotomy operation, which included high resolution T1
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weighted images (slice thickness = 1-3 mm, no interslice gap). MRI scans were co-registered
with the post-operative volumetric computed tomography (CT) scan for localization and labeling
of iIEEG electrode coverage. Surgery was performed using a Leksell frame-based stereotactic
approach with CT registration (Leksell Coordinate Frame G, Elekta AB, Stockholm, Sweden).
Electrode (Ad-Tech Medical Instrument Corporation, Racine, WI) placement is planned using
the pre-operative MRI with standard planning software (Neuroinspire ™, Renishaw Inc,
Gloucestershire, UK). Electrodes are implanted with the aid of the neuromate® stereotactic robot
(Renishaw plc, Gloucestershire, UK), and placement is guided by clinical indications and
hypotheses for seizure localization and monitoring, and varied somewhat across participants.
Each electrode implanted consists of ten evenly spaced contacts, and typically included
coverage across sites in the prefrontal cortical area implicated in controlling cardiovascular
responses. As a consequence of the time windows for ESM sessions, patient tolerance, number
of electrodes identified with prefrontal grey matter coverage, missing signals from electrode
contacts, and other constraints related to the clinical environment, it was not possible to stimulate

all the desired electrodes of interest in all participants.

Participant recruitment was limited to the flow of iEEG monitoring cases at the Epileptic
Monitoring Unit. As a consequence, patient admission was largely disrupted through the course
of the COVID-19 global pandemic (Cucinotta & Vanelli, 2020) when nearly all elective
surgeries were either halted or postponed.

3.2 Experimental protocol

Following iIEEG implantation, participants are monitored at the EMU for ~1-2 weeks for
clinical seizures. Then, prior to removal of iEEG electrodes and discharge from the hospital, the
clinical team will routinely study each patient using ESM to map eloquent cortical regions

(George et al., 2020), and the relationship of the epileptogenic network.

The participants were brought to the testing room ahead of ESM for instrumentation,
including live iEEG monitoring on Natus NeuroWorks. They were seated on a lazyboy recliner
for the study. Heart rate was quantified using lead 11 from a standard three-lead
electrocardiogram (ECG). Resting HR measurements were averaged from a 60-second recording
in the same seated position as the experimental study, prior to testing. Three resting seated BP

measurements (BPTRU™ sphygmomanometer cuff) were recorded and averaged prior to ESM.
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A strain gauge (model 1132 Pneumotrace Il; UFI, Morro Bay, CA) around the chest enabled for
monitoring of spontaneous breathing. Participants were instructed to first complete two MVCs
with their dominant hand, and the peak voltage output was used to calibrate handgrip intensity
for the ensuing protocol. The participants were initially naive to the protocol, and were then
familiarized with the 2 second 50% MVC isometric handgrip (IHG) task. The IHG task involved
a screen displaying real-time visual feedback representing the contraction strength, and practice
trials were performed until participants were able to consistently hold 2 seconds within the target
range. Respiration was monitored to ensure regular spontaneous breathing throughout the
handgrip. The 2-second IHG duration was cued by a metronome sound following the
investigator’s instruction to squeeze. This approach allowed IHG contractions to be initiated
during the low lung volume phase of the respiratory cycle (i.e., preceding inspiration). Any trials
with irregular breathing were discarded to avoid respiratory contributions to heart rate

variability.

The study includes data from the pilot trials (experiment 1) and the more rigorous
randomized experimental trials (experiment 2) because the results were not affected. In
experiment 1 (n =4), participants completed a set of handgrip trials with no stimulation (NO-
STIM) before and after the ESM session. During ESM, handgrip trials were performed during
simultaneous stimulation (STIM) of prefrontal cortices of interest. The clinician delivering the
electrical stimulation was guided by the same metronome queuing the participant to initiate the
IHG task. In experiment 2 (n = 3), participants were blinded by randomizing the order of each
STIM handgrip trial with a sham-stim handgrip trial (SHAM), and thus completed sets of two
trials. During SHAM trials, patients were not made aware whether the clinician conducted a
stimulation during the trial. In both NO-STIM, SHAM and STIM trials, the queuing and visual
feedback during the IHG task was identical. In both experiments, all IHG trials were separated
by at least a 15 second period of rest. A detailed overview of the experimental design is shown in
Figure 3.1.
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Figure 3.1: Overview of Experiment Design. (A) Experimental timeline: subjects received surgery for electrode implantation for
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seizure monitoring, and completed either experiment 1 (n = 4) or experiment 2 (n = 3). Handgrip interventions were performed during

routine electrical stimulation mapping studies. (B) Details of STIM parameters: stimulations delivered during handgrip trials used a

biphasic pulse current of 300 uS pulse width, 50 Hz frequency, and amplitudes set to 4 and 5 mA. (C) Representative data illustrating
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a participant performing a handgrip trial during STIM. Participants received a live visual display providing biofeedback of volitional
contraction strength, and were instructed to maintain the contraction within the green shaded range indicator (45-55%). Heart rate was
recorded, and continuous intracranial electroencephalography (iEEG) was monitored. The closed relay loop allowed for STIM
between orbitofrontal cortex (OFC) electrodes. (D) Representative participant’s co-registered CT and MRI scan illustrating the
prefrontal cortex coverage of electrode points. The most proximal left-orbitofrontal (L-OF) electrode is labeled, each line contains 10

evenly spaced electrodes.
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Brain stimulations were applied using the manually-operated Nicolet™ Cortical
Stimulator (Natus Medical, Inc., Pleasanton, CA) and were delivered during the same time
window as handgrip contractions. Stimulations deliver a biphasic, pulsating constant-current
train with the following parameters: 4 and 5SmA, 50 Hz, and 300 us pulse width. The average
duration of biphasic currents delivered during data collection was 2.4+0.6 s. These are
standardized parameters for clinical study, where only milliamps are adjusted. Prior to the
collection of STIM trials at 4 and 5mA, the region was typically stimulated at lower amplitudes
(typically 1-3mA) to threshold the site, where we expect the effect of stimulation to be not as
robust (George et al., 2020; Rao et al., 2018). We collected trials at both 4 and 5 mA to
maximize the number of trials collected without extending the duration of the ESM study.
Additionally, at these low amplitudes (4-5mA), none of the participants reported any sensation or
feeling during stimulation periods. A clinical team of neurologists and stimulation technician
monitored live iIEEG recordings through the ESM session for stimulation-induced after
discharges or onset of epileptogenic seizures which did not occur during prefrontal cortex

stimulation handgrip trials.

3.3 Data analysis

The HR responses to IHG were measured by converting intervals between R-wave from
the ECG tracing into HR (beats per minute). The peak of the transient HR response to IHG was
consistently identified in the immediate 2 seconds following contraction. Thus, the delta values
for the HR responses were derived using a 2 second onset window (prior to IHG contractions)
and the 2 second response window following the contraction (Figure 3.2). Measures during these
two HR windows, and the delta values collected during each IHG trial were then reported as an
averaged value for each individual. During MVC calibration, patients generated a mean of
0.073£0.022 V. The raw voltage generated during 50% IHG trials did not differ between NO-
STIM and STIM trials (0.031+0.013 V vs. 0.033+0.012 V), or between SHAM and STIM trials
(0.037+0.012 V vs. 0.036+0.011 V). The aggregate data displayed in results and used in analysis
were the result of merging NO-STIM and SHAM conditions from experiment 1 and experiment 2
respectively, for comparison with the STIM condition. This was the result of a pilot protocol

(experiment 1) which evolved into more rigorous study design (experiment 2).
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Figure 3.2: Measurement of instantaneous beat-to-beat changes in heart rate during isometric
handgrip (IHG) exercise. The electrocardiocardiogram (ECG) illustrates the progressive
shortening of time in between beats with IHG, also represented by the increase of instantaneous
heart rate. The sampling windows used to calculate delta heart rate are shown, two seconds prior

Time (Seconds)

to IHG (-2 to 0), and two seconds following IHG (0 to 2).

3.3  Statistical analysis

The data from experiment 1 (NO-STIM vs STIM) and experiment 2 (SHAM vs STIM)
were combined for statistical analysis. The results of NO-STIM and SHAM trials were pooled
together, and compared against the pooled STIM trials. The aggregate effect of IHG and STIM
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on HR were assessed using a two-way repeated measure analysis of variance (ANOVA) test.
Significant interactions were further assessed using paired t-tests with Bonferroni’s correction.
The effect of condition on the change in AHR was assessed with a t-test. Significance was set as
P <0.05. Effect size (Cohen’s d) was calculated using HR response delta values and the pooled
standard deviations (SD), which was then used to determine the post hoc statistical power.
Statistical analysis was performed using Prism (version 8, GraphPad software, LLC, San Diego,

CA) and GPower software (version 3.1).
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Chapter 4
4 Results

4.1 Participant Characteristics and Heart Rate Measurements

Details and medical history descriptions of the seven participants who completed the
protocol are presented in Table 4.1. Epilepsy duration and seizure frequency were approximated
based on medical records, and the seizure onset zones were hypothesized by the clinical care

team. Participants had an average seated BP of 123 / 81 mmHg (systolic / diastolic).

Table 4.1: Participant characteristics and medical information.

Age/ Hemisphere Seated BP Epilepsy duration /
Sex Stimulated Handedness (mmHg) seizure frequency Seizure onset zone Comorbidities
3BM R R 131/86 32 yrs / 1-3 per mo Right frontal cortical tuber, right ;¢ 15
hippocampus and amygdala
%M L L 146 197 22 yrs / 1 per mo Right hippocampus and Perinatal s_troke
amygdala Hypertension
Anxiety
32F R R 115/78 30 yrs / 3 per wk (clusters) Unknown Right frontal lesionectomy
Left hippocampus and Depression
45F R L 115/75 Since childhood / 15 per mo Anxiety
amygdala .
Right temporal lobectomy
Left hippocampus and .
TBI with subdural
24M L R 113/82 20 yrs / 1 per mo amygdala and temporal hematoma and SAH
neocortex
45F L R 114 /67 14 yrs [ 1-2 per wk Left temporo-occipito-parietal None
Left hi dbilateral  DePression
57TM L R 125/ 81 56 yrs / 2-3 per mo eft hippocampus and bilalera Hyponatremia
temporal neocortex Gout

Details of participants completing our protocol (n=7). BP, blood pressure; yrs, years; wk, week;
mo, month; TSC, tuberous sclerosis complex; TBI, traumatic brain injury; SAH, subarachnoid
hemorrhage. Participants were diagnosed with drug resistant epilepsy (DRE) and admitted to the
Epileptic Monitoring Unit (EMU) at University Hospital for intracranial electroencephalography
(iEEG) seizure monitoring. The information presented is based on the clinical study and
expansive medical history available for each patient.
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A total of 43 stimulations (STIM) were conducted during the IHG task, 18 in the right,
and 25 in the left hemisphere of the prefrontal cortex. The stimulated iIEEG electrode lines
included 4 in the left and 3 in the right hemisphere, and covered regions of the prefrontal cortex
including the MPFC, medial and lateral OFC, and pars orbitalis. Figure 4.1 illustrates electrode
coordinates of the STIM condition in all 7 patients, projected onto the Montreal Neurological

Institute (MNI) template brain space.

Figure 4.1: Montreal Neurological Institute (MNI) template brain with all electrodes used for
stimulation IHG trials. The coordinate locations of electrodes were identified using co-registered
CT and MRI scans, before being transformed to the MNI template brain. Each colour is
representative of a different individual (n = 7).

Table 4.2 presents each participants averaged HR and standard deviation at the onset and
during the transient response window, for all IHG trials performed. Notably, we report a large

range of HR variability and resting HR within our sample of patients. This was anticipated with a
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highly variable parameter like HR, but in our case, it may have been exaggerated in select

individuals because of the nature of the patient population and the range of age differences.

Table 4.2: Age/Sex, resting heart rate (HR), and mean + standard deviation of HR
responses to IHG (isometric hand grip) task trials of each participant. Resting HR obtained from
60-second recordings prior to testing in the study room. The two second interval windows used

for HR at onset, and HR post IHG are described in the methods section.

IHG IHG + STIM
HR at HR post HR at HR post
Age/Sex  Resting HR onset IHG AHR onset IHG AHR
6 M 69 67+ 3 2+ 5+2 67 =2 69+ 2 2+1
26 M 100 98 + 4 104+ 3 b3 Y8 =3 G5 £+ 2 O+4
32 F T8 TT+2 Tax3 i+2 T4 x5 T5+2 1+£3
45 F 52 Bl x5 LEEN 2E06 Bix4 B0+ 2 ix4
24 M 58 B4 =13 9327 10+ H 20 =4 97+ 4 T+1
45 F LT B+ 3 Q0+ 4 5+ 1 L Bh+ 1 3+0
57T M 77 Th+2 S 3+3 TR=1 T9+2 1+3

There was a main effect of IHG on HR (P =0.021), and an interaction was detected for
the effect of IHG x STIM on HR (P = 0.026). Post-hoc t-tests with Bonferroni’s correction
determined that IHG increased HR during NO-STIM and SHAM conditions (P = 0.006), but
IHG did not change HR during STIM conditions (P = 0.421). When comparing delta HR values
shown in Figure 4.2, we found that IHG contractions at NO-STIM and SHAM increased HR by
A4.9+2.7 bpm (80.9+8 to 85.8+11), compared to an attenuated HR response of A1.7+3.1 bpm
(81.8+£10 to 83.43+11) during STIM (P = 0.024). The calculated effect size (Cohen’s d) for the
sample was considered large (d = 1.1), and was used to compute a post hoc statistical power of
0.68 (1-p error probability). Importantly, these statistical tests were performed on aggregate data
pooled from experiment 1 (NO-STIM vs STIM) and experiment 2 (SHAM vs STIM) protocols
because the experiments were largely synonymous and the results were similar. Following
testing, patients scored the 50% MVC IHG task on the BORG rating of perceived exertion scale
at very light to fairly light, an average of 10 points (out of 20 total points).
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AHR (bpm)

Figure 4.2: Delta heart rate (HR) responses during isometric handgrip (IHG) at SHAM and NO-
STIM, versus IHG + STIM trials. Each participants (n=7) mean delta HR responses are shown.
*Significantly different from IHG + STIM, P = 0.024.

Figure 4.3 presents the averaged transient HR responses to IHG trials of each participant
plotted over a time series. Note, inter-individual variability was marked both in terms of the
initial HR preceding IHG, and the timing of HR response peaks, which was most often observed

to occur immediately following the two second IHG window.
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Figure 4.3: Heart rate (HR) time series of averaged isometric handgrip (IHG) trials for each
participant, measurements of beats per minute (bpm) occur in 0.5 second intervals. Panel (A)
includes participants (n = 4) completing no stimulation (NO-STIM) and STIM trials, and panel
(B) includes participants (n = 3) completing sham-stimulation (SHAM) and STIM trials with
randomized order. The IHG trials are represented the grey blocks from 0 to 2 seconds. STIM
trials appeared to exhibit less HR variability during IHG, and tended to lack a defined peak HR

response.

4.2  Excluded Subjects

4.2.1 Arrhythmia Patient

The first excluded subject was a 63 year-old female with DRE (2 seizures / month),
presenting early as febrile convulsions at 9 months of age which progressed to tonic-clonic
seizures. The patient underwent left anterior lobectomy when she was 38 but continued to have
seizures originating bi-temporally. The patient was normotensive (125/74 mmHg), with an
arrhythmia that was consistent during most of the ECG recording. Shown in Figure 4.4, her HR
followed a repetitive irregular rhythm of two to three beats at a regular rate (~60-80 bpm),
followed by a dramatically shortened R-R interval for one beat. This pattern persisted throughout
most of the hour and a half recording during ESM, and no transient HR responses were observed
during both MVC and 50% IHG trials. The arrhythmia appears to be involved in the patient’s
inability to generate hemodynamic response to exercise, and perhaps this irregularity of sino-
atrial rhythm has further implications on her response to autonomic stress. Thus, we were unable

to explain the cause of the heart arrhythmia and excluded the patient from study on this basis.
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Figure 4.4: Arterial blood pressure (ABP), heart rate (HR), and electrocardiocardiogram (ECG)
recording of an excluded patient with a consistent arrhythmia. The patients HR consistently
exhibited the pattern illustrated, throughout the two hour recording session. Note, the ECG signal

was likely contaminated with noise from 60 Hz power line interference.

4.2.2 Prefrontal Seizure Patient

The second excluded subject was a 58 year-old female. The patient was normotensive
(106/67 mmHg) with stable HR, and underwent callosotomy surgery when she was 37. Her
seizures began at age 12, which progressed to bilateral tonic-clonic at age 36 when she was off
all her medications. Notably, even when calibrating the maximal volitional effort IHG, the
patient did not exhibit the expected transient HR response seen in older healthy individuals
(Lalande et al., 2014). Following study of her clinical seizures in the EMU, the seizures were

reported to onset from the orbitofrontal region (predominantly left) and immediately propagate to

37



the anterior insular region, followed by early progression to anterior cingulate, supplementary
motor areas and spread to further recording contacts in both cerebral hemispheres. This
progression was captured during clinical seizures recorded by iEEG lines at the EMU, and is
illustrated in Figure 4.6. Importantly, her seizures appeared to onset independently and
predominantly from the left, but also the right orbitofrontal regions, and she was referred for
VNS therapy. In this case, the epileptogenic network was within our region of interest and was
implicated in a circuit of neighboring regions also implicated in autonomic control. During
orbitofrontal stimulation, no clinical seizures were elicited, but clinically silent seizures (i.e. no
visible symptoms) and after discharges coincided with a marked hypotensive response. A
hypotensive effect coinciding with a drop in HR occurred during multiple stimulations conducted
in the left OFC, suggesting a sudden disruption in baroreflex regulation which may be associated
with spreading electrical discharge (Figure 4.7). Another recent investigation in persons with
epilepsy undergoing iEEG monitoring revealed that electrical stimulation of the MPFC
(Brodman 25) led to a near immediate drop in systolic blood pressure, without affecting diastolic
or HR (Lacuey et al., 2018). After discharges resulting from left OFC stimulation during ESM
are pictured in Figure 4.8.
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Onset

Early propagation

Figure 4.5: The proposed epileptogenic network in the brain of the excluded patient, based on
clinical seizures observed during intracranial electroencephalography (IEGG) monitoring of
clinical seizures. The seizures onset in the left anterior (LAOFr) and posterior orbitofrontal
(LPOF), with activity spreading to the left anterior insula (LAIn), left anterior cingulate
(LACq), left anterior supplementary motor areas (LASMA), and eventually bilaterally. Note,
while her seizures onset predominantly from the left hemisphere pictured here, the right
orbitofrontal region was also responsible for independently producing seizures. Figure used with
the permission of the Department of Neurological Sciences, University of Western Ontario,

originally presented at epilepsy rounds (April 2021).
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Figure 4.6: Stimulation (yellow shading) conducted in the left posterior orbitofrontal cortex line
(LP-OFC), electrodes 1-2, at 9 mA. After-discharges following the stimulation coincided with a
marked drop in arterial blood pressure (ABP) / mean arterial pressure (MAP). Interestingly, the
baroreflex appears to be dysregulated during this period of spreading discharge, suggested by the
concomitant drop in heart rate (HR).
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Figure 4.7: Intracranial EEG recording of stimulation conducted in the left posterior orbitofrontal cortex line (LP-OFC), electrodes 1-
2, at an intensity of 9 mA. An immediate hypotension, and decrease in heart rate was simultaneously observed following stimulation,
as well as synchronized spiking that appears to spread from left orbitofrontal to the left amygdala (L-Am) in this case. LA-OFr, left

anterior orbitofrontal; LA-SMA, left anterior supplementary motor area; LA-In, left anterior insula.
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Chapter 5

5 Discussion

The findings of the current investigation support the role of the prefrontal cortex in the
transient cardiac response to IHG task, indicated by the diminished HR response to brief IHG
during direct electrical stimulation of the OFC and MPFC regions in all subjects. Therefore, the
present study is the first to describe that electrical stimulation of prefrontal cortical regions may

modulate cardiac vagal outflow.

Past studies have identified prefrontal cortices as a key node involved in modulating
cardiovascular responses within the widespread CAN (Al-Khazraji & Shoemaker, 2018;
Cechetto & Shoemaker, 2009; Ongiir & Price, 2000). Investigations of direct IC stimulation in
persons with epilepsy with IEEG have reported cardiovascular responses of tachycardia and
bradycardia (Al-Otaibi et al., 2010; Chouchou et al., 2019; Oppenheimer et al., 1992), but to our
knowledge, no study has investigated HR responses of OFC/MPFC stimulation in humans.
Neuroanatomically, the OFC and MPFC project onto the cingulate cortices, hippocampus, and
the IC (Hurley et al., 1991; Neafsey et al., 1986; Thayer et al., 2009), forming a large
interconnected network between the thalamus, PAG, and brain stem sites (i.e. NTS) with
important roles in cardiovascular control (Benarroch, 1993; Ongiir & Price, 2000; Verberne et
al., 1997). One of the common problems with studying this network is identifying the specific
function of discrete sites, which we addressed by conducting direct stimulations in the prefrontal

cortical relay, albeit a widespread prefrontal region.

A significant role of prefrontal cortical regions in cardiac control has been demonstrated
in functional neuroimaging studies (King et al., 1999; Norton et al., 2013; Ruiz Vargas et al.,
2016; Thayer et al., 2012; Wong, Massé, et al., 2007), and experimental animal models using
stimulation (Buchanan et al., 1985; Buchanan & Powell, 1984; Kaada et al., 1949; Owens et al.,
1999; Smith, 1945), induced lesions (Frysztak & Neafsey, 1991, 1994; G. Ruit & Neafsey,
1990), and tracer studies (Hurley et al., 1991; Neafsey et al., 1986; Terreberry & Neafsey, 1983;
Van Bockstaele et al., 1989; Van Der Kooy et al., 1982, 1984). However, this is the first study in
humans to use direct electrical stimulation of the prefrontal region to modulate HR response to

brief IHG exercise. Anatomically, invasive animal models have demonstrated the essential role
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of connections between prefrontal cortical and subcortical autonomic structures (Ongiir & Price,
2000), but it must be considered that these findings are limited to species with significantly
underdeveloped prefrontal cortices (Floyd et al., 2000; Seamans et al., 2008). In humans,
previous findings from functional neuroimaging investigations have reported that HR responses
to handgrip exercise were correlated with deactivation of the MPFC from baseline levels (Wong,
Massé, et al., 2007). The imaging studies suggest a highly reproducible relationship between a
rapid deactivation of the MPFC region as HR increases in response to IHG. However, the
mechanisms and contributions of cortical pathways mediating these changes in HR remain
poorly understood. The rapid changes in HR associated with the onset of exercise are interpreted
as a withdrawal of parasympathetic activity on the heart (Wong, Massé, et al., 2007). The
immediate increase in HR observed at the onset of IHG exercise: i) can be largely diminished by
vagal blockade (Hollander & Bouman, 1975; Mitchell et al., 1989; Victor et al., 1987), ii) is not
altered by sympathetic (beta adrenoreceptor) blockade (Mitchell et al., 1989), and iii) occurs
before peripheral sympathetic activation (Mark et al., 1985; Wong, Massé, et al., 2007). Thus,
we hypothesized that preventing the relative deactivation of this region by electrical stimulation
to sustain focal neural activity should modulate the HR response. To emphasize the cardio-vagal
mechanism, we used the brief two second static contraction task, allowing us to assess the rapid
parasympathetic mediations associated with the HR response. Indeed, the novel direct
stimulation approach prevented the HR response in the current participants. Taken together, we
speculate that the attenuated HR responses observed during STIM were the result of a retention

in vagal withdrawal associated with the IHG task.

Another factor related to the attenuation of HR during STIM could include the central
command components associated with the perceptual aspect of the volitional IHG exercise
(Williamson, 2010; Williamson et al., 2002). The concept of central command is described as the
feed-forward mechanism involving concomitant activation of motor and cardiovascular centers
(Williamson, 2010; Williamson et al., 2002), which appears to originate from supramedullary
regions (Dampney, 2016; Goodwin et al., 1972). In the current investigation, the IHG exercise
task did not produce a notable hyperemic response because of the relatively dismissible
metabolic demands of the exercising muscle. For this reason, the tachycardia response might be
interpreted as the anticipation or preparation for exercise (Krogh & Lindhard, 1913; Williamson
et al., 2006). Although the IHG was an active task, the brief contraction used does not cause
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increased arterial blood pressure responsible for activating visceral afferents observed in longer
duration (~20 to 30 s) or fatiguing handgrip exercise (Al-Khazraji & Shoemaker, 2018;
Macefield & Henderson, 2019b; Shoemaker, 2017; Topolovec et al., 2004). Thus, we may also
discount contributions from the exercise pressor response (Mitchell et al., 1983). Similarly, the
IHG task is likely too short for the accumulation of any significant chemical end-products of
muscle contraction that are suggested to contribute to sympathetic activity (Batman et al., 1994;
Victor & Seals, 1989; Williamson et al., 2003).

The isometric muscle contraction task used to elicit the cardiac response involved several
constituents. While the IHG task neither is a strenuous or dynamic exercise, it has been
suggested that cardiovascular responses to static exercises are dependent on the activity of fast
twitch muscle fibres (Fallentin et al., 1985; Juhlin-Dannfelt et al., 1979), as well as slow twitch
muscle fibres (Iwamoto & Botterman, 1985). In addition to the static muscle contraction
component, the task also involved a degree of cognition and interpretation of real-time visual
biofeedback used to gage volitional effort with the required level of handgrip force. Interestingly,
the OFC receives highly processed multimodal sensory information, such as visual inputs from
inferior temporal visual regions (Thorpe et al., 1983), and somatosensory inputs from
somatosensory, parietal, and insular cortices (Barbas, 1988; Carmichael & Price, 1995; Wallis,
2007). The OFC and MPFC regions have been labeled as sites of sensory integration linked to
autonomic response planning (Bechara et al., 1996; Thayer et al., 2009; Wallis, 2007), and thus,
it may be conceivable that STIM disrupted high-order processing responsible for initiating the
cardiac autonomic response. Ongur and Price (2000) proposed that within the OFC and MPFC
network, the OFC regions receive viscerosensory afferents, while the more medial wall of the
prefrontal region sends visceral motor efferents to lower autonomic regions like the
hypothalamus and brainstem (Ongiir & Price, 2000). While we cannot draw any conclusions
from the current data, the region covered by STIM include highly connected relays, and

therefore, it is important to consider the numerous functions likely involved in the IHG task.
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Figure 5.1: Simple schematic diagram showing the pathways by which the prefrontal cortices,
including the medial prefrontal cortex (MPFC) and orbitofrontal cortex (OFC), may influence
medullar regions controlling heart rate. It has been proposed that the prefrontal cortex is
responsible for the highest order of processing, and is interconnected to the network through

bidirectional pathways.

The ventro-medial region of the prefrontal cortex has been associated with high baseline
metabolic activity at rest (Shulman et al., 1997), which exhibits decrease from this baseline
during a wide range of nonspecific tasks in functional imaging studies (Gusnard et al., 2001;
Gusnard & Raichle, 2001; Raichle et al., 2001; Wong, Massé, et al., 2007). This ‘default’ mode
of brain function was hypothesized as the continuous processing of monitoring and integrating
emotional and cognitive processes, which are suspended during goal-oriented behavior (Gusnard
et al., 2001; Gusnard & Raichle, 2001; Raichle et al., 2001). From an autonomic perspective,
reduced activity in the MPFC has a strong inverse correlation with a rise in HR (Wong, Massé, et
al., 2007), and directly correlates with heart rate variability (a predictor of PNS influence on the
heart) (Ruiz Vargas et al., 2016; Thayer et al., 2012). Furthermore, Nagai et al. demonstrated that
sympathetic skin conductance negatively correlates with ventral-MPFC and OFC activity during
both arousal and relaxation tasks (Nagai et al., 2004). Together, these findings indicate that
reduced activity in the prefrontal region may have a direct influence in peripheral physiological

adjustments during active tasks.
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In the current study, the descending neural mechanisms of STIM are unclear, but perhaps
may involve the modulation of direct projections from the OFC and MPFC on central autonomic
sites such as the NTS (Terreberry & Neafsey, 1983; VVan Der Kooy et al., 1982), PAG (Hurley et
al., 1991; Neafsey et al., 1986), and hypothalamus (Ongiir & Price, 2000; Van Der Kooy et al.,
1984; Verberne et al., 1997). The NTS appears to be important in healthy cardiac control,
serving as the initial site of termination for vagal and glossopharyngeal afferents (Beckstead &
Norgren, 1979; Torvik, 1956), as well as other subnuclei which project to higher centers
responsible for autonomic, endocrinic, and behavioural responses (Owens et al., 1999).
Interestingly, a neuroimaging study of coronary artery disease patients reported that MPFC
activity did not decrease from baseline during the IHG task (Norton et al., 2015), suggesting the

function of this network may be altered in disease states.

The neuromodulation of cardio-vagal activity reported in the current and future studies may
provide insight into clinical implications of the “brain-heart” connection. We provide evidence
of contributions from prefrontal areas of the CAN involved in cardio-vagal mediated HR
responses during IHG task. Importantly, CAN contributions to the sinoatrial node of the heart are
under the tonic inhibitory control via the GABAergic neurons of the NTS (Owens et al., 1999;
Potts, 2006; Thayer et al., 2012). The NTS shares direct interneuron connections with the NA
and dorsal vagal motor nucleus (DVN) (Van Der Kooy et al., 1982), which provide input to
cardio-vagal neurons (Benarroch, 1993; Thayer et al., 2012; Zubcevic & Potts, 2010). Vagal
nerve activity flows in both directions, where efferents are important in parasympathetic
innervation of the heart, lungs, kidneys, and liver (Levy, 1990), and afferents are involved in
inflammatory response, visceral information, and blood pressure control via the baroreflex
(Thayer & Sternberg, 2006). This bi-directional connection means efferent outflow from the
brain affects the heart, and afferent outflow from the heart affect the brain. Unraveling these
“brain-heart” pathways is essential in advancing the use of therapies including VNS used to
reduce seizure frequency (DeGiorgio et al., 2000; Handforth et al., 1998; Ronkainen et al.,
2006), and VNS therapy for treatment-resistant depression (Rush et al., 2000, 2005; Sackeim et
al., 2001), or even assess the effectiveness of top-down electrical stimulation therapies such as
the recently discovered benefits in mood-state and depression symptoms following stimulation of
lateral OFC (Rao et al., 2018).
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Therefore, the present investigation is the first to describe evidence on the neuromodulation
of cardio-vagal HR response to IHG via direct electrical stimulation of the prefrontal cortices
including the MPFC and OFC, which is in agreement with the previously proposed role of this
cortical region. We suggest that these prefrontal cortices operate in the CAN as a key node in
modulating transient cardio-vagally mediated HR adjustments, specifically in response to an IHG
task involving viscerosensory arousal. However, care must be taken when interpreting these
preliminary results. As discussed earlier, the MPFC and OFC are undoubtedly complex regions
that integrate multimodal sensory information associated with the IHG task, and thus, our

conclusions merit further investigation.

5.1 Limitations

The novelty and uniqueness of the current investigation presented methodological challenges
and limitations that must be acknowledged. Although reductions of the HR response to IHG
during STIM were consistent across all subjects, there were noticeable differences with respect
to resting HR at the onset of IHG, the time course of the response, and most importantly, the
magnitude of HR response. Patients were in the seated position for the duration of the clinical
stimulation study, which in turn involves a degree of baroreflex unloading and reduces the
magnitude of hemodynamic responses compared to the supine position (Lalande et al., 2014),
likely due to a consistent reduction in overall cardio-vagal influence. Whilst the HR parameter is
influenced by the interplay of various inputs to the sino-atrial node resulting in the complex
variability characterized in HR time series data (Saul, 1990; Van Ravenswaaij-Arts et al., 1993;
Thayer et al., 2012; Shaffer et al., 2014), we expect these contributing factors to be similar
across NO-STIM/SHAM and STIM trials which were all performed under the same
environmental conditions. Also, our subject recruitment was dependent on the flow of patients
admitted for iEEG monitoring at University Hospital, and as a consequence, we were unable to
be selective of phenotypes in our recruited sample. Previous studies have reported both age and
sex differences in the magnitude of HR responses to static handgrip exercise (Lalande et al.,
2014; Wong, Kimmerly, et al., 2007). Thus, inter-subject variability was to be expected and

unavoidable in our investigation.
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We must also take into consideration and acknowledge the constraints imposed by the
clinical nature of the experiment. The electrodes selected for STIM trials were limited by clinical
procedure. Every patient recruited had iEEG monitoring coverage in the OFC. However, the
laterality and exact location of electrodes within the prefrontal region was related to the epilepsy
case being investigated, as well as surgical planning (i.e. avoiding blood vessels). Additionally,
not all contacts on the prefrontal electrode lines were stimulated. This is because the co-
registration of CT and MRI scans allows for careful planning to selectively target contacts placed
in grey matter, which are more functionally relevant for mapping of eloquent cortex and
localizing the epileptogenic zone during ESM (George et al., 2020). For other reasons such as
limited time windows for ESM sessions, missing signals at electrode contacts, patient tolerance,
and other constraints related to the clinical environment, it was not possible to stimulate all the
electrodes of interest in subjects.

Lastly, the current investigation included a patient population diagnosed with DRE, and for
this reason, we must mention the necessary considerations to keep in mind when discussing our
findings and conclusions in the context of healthy individuals. In DRE patients, partial and
generalized seizures may cause temporary instability in cardiac autonomic function, typically
manifested by an over activation of sympathetic nervous system activity (Devinsky, 2004;
Devinsky et al., 1986; Nass et al., 2019; Poh et al., 2010). However, during our data collection,
the clinical team and trained EEG technicians continuously monitored iIEEG recordings for any
seizures or after discharges resulting from electrical stimulations, ensuring that no activity spread
through the epileptogenic network during our data sampling periods. Also of note, these patients
are prescribed therapeutic ASDs to suppress seizures, which may alter autonomic function
(Devinsky, 2004; Lotufo et al., 2012). For example, one patient included in our study sample was
prescribed carbamazepine (57 M), which has anticholinergic properties (Alrashood, 2016;
Hennessy et al., 2001). Abrupt withdrawal of carbamazepine may cause increased sympathetic
activity during sleep (Hennessy et al., 2001), and in some other ASDs, over dosage may cause
fatal cardiac arrhythmias (Tomson & Kennebéck, 1997). In the weeks preceding our study,
patients were under close care of nurses and practitioners, and are maintained on regular ASD
dosage during testing. In the context of cardiovascular response to IHG exercise, we suggest that
the reported hemodynamic responses to the IHG task should closely resemble those of healthy

individuals.
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It is also worthwhile mentioning that data collection was done at a hospital during the
COVID-19 pandemic (Cucinotta & Vanelli, 2020), with periods of disrupted patient access or
laboratory access. Because iIEEG monitoring of patients is considered an elective surgery, patient
flow was intermittently halted which had a large impact in limiting our sample size.

5.2  Future Directions

It is our hope that our preliminary work promotes future studies utilizing direct electrical
stimulation as a model of investigating cardiovascular reflexes and relays to higher brain sites of
visceral sensory information, to further aid our understanding of autonomic regulation within the
central nervous system. This work has been limited in humans due to the invasive nature and the
need for clinical models (Al-Otaibi et al., 2010; Oppenheimer et al., 1992). Future experiments
may be a fundamental step in understanding the functional brain pathways related to cardiac

control within the human CAN in health and disease.

The stimulations in the current investigation used biphasic current parameters preset for
clinical neuroscientific study, which are optimized for defining eloquent brain areas and
delimiting seizure foci for the purpose of epilepsy neurosurgery planning. For example, during
clinical stimulation mapping of eloquent hippocampal cortex, patients performing a simple
neurocognitive naming task may experience an inability to name an object during stimulation of
hippocampal electrodes (Aron et al., 2021). The disruption of neurocognitive tasks may vary on
the amplitude of current used, which usually ranges from 1 to 10 mA, and depends largely on the
region’s after-discharge threshold (George et al., 2020; Rao et al., 2018). It remains unknown
whether a dose response profile exists between electric stimulation current amplitude and
cardiovascular outcomes. Also, we used a standard pulse frequency of 50 Hz, and thus, the
impact of lower frequency stimulations remains to be explored (Valentin et al., 2002). Similarly,
the duration of the biphasic stimulation can be extended beyond the ~2-3 seconds used in the
present study, or alternatively, a single-pulse stimulation can be conducted (Rao et al., 2018;
Valentin et al., 2002), enabling approaches that study potential neural adaption phenomenon, or

if prolonged stimulation exerts delayed cardiovascular outcomes.

The statistical power of the current study was 68% indicating that a larger sample size is
needed to verify the current results. Further, sex-based differences analysis should be explored in

the future to follow up on previous work on cardio-vagal contributions to hemodynamic
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responses varying with sex (Wong, Kimmerly, et al., 2007). Similar questions should be
addressed regarding age, and comorbidities with high prevalence in persons with epilepsy such
as depression/anxiety (Kwon & Park, 2014; Rao et al., 2018). Furthermore, our work stimulated
range of sites within the prefrontal cortex. Although the prefrontal region exhibits high intrinsic
interconnectivity (Kahnt et al., 2012; Ongiir & Price, 2000; Verberne & Owens, 1998), follow-up
studies should aim to determine more specific roles related to cardio-vagal control in sub regions
such as the MPFC which receives extensive inputs from limbic structures (Verberne & Owens,
1998), and OFC regions known for viscerosensory processing and a major role in ‘goal’
selection behaviour (Rolls & Grabenhorst, 2008).

While there are many future studies needed to take advantage of the iEEG model to
explain cortical networks and cardiovascular control, it must be understood that the
interpretability of the iIEEG model is limited because electrical stimulations could affect cell
body activation, synaptic junctions and/or axonal tracts and fibers of additional neurons passing
through the stimulated region. Also, conducting direct electrical stimulations is not a “naturally”
occurring stimulus and should be regarded as an external disruption to neurocircuitry in the

brain.

5.3 Conclusion and Impact

Our study was the first to demonstrate attenuated HR response to IHG task during direct
electrical stimulation of the prefrontal cortex in humans. This finding has significant impact on
the understanding of central autonomic pathways regulating cardio-vagal activity. We provide
knowledge useful in understanding conditions in which cardiac autonomic regulation is
modulated, including fatal cardiac outcomes following stroke, and cardiac complications
associated with epilepsy (i.e. SUDEP). It is our hope that our findings serve to underpin the
“brain-heart” relationship and help guide future studies in this unique field such as VNS therapy
in DRE and depression patients. Given the vast range of functions of the prefrontal region, STIM
may have modified the relay involved in the coupling of cardio-vagal mediated HR responses
with complex high-order neural systems that integrate activity in perceptual, viscerosensory,
emotional, and memory systems. We have proposed that prefrontal cortical stimulations prevent

normal reduction in cardio-vagal activity during IHG.
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SEYED M. MIRSATTARI, M.D., Ph.D., F.R.C.P.(C)

Epilepsy. General Neurology
Dept. of Clinical Neurological Sciences sl 339 Windermere Rd
b_ @ London, Cnfario, N6A 5AS
W ol
' London Health Sciences Centre Western

LETTER OF INFORMATION

Susceptibility to Sudden Death in Epilepsy and Stroke

Principal Investigator: Dr. Seyed M. Mirsattari

PURPOSE

The purpose of this letter is to provide you with the information that you require in order
to make an informed decision for your participation in this research project. The pronouns
‘you' and ‘your' should be read as referring to the participant. The purpose of this study
is to investigate the patterns of the brain and heart functioning in normal control population
and patients with stroke or epilepsy to discover sudden death prone pattemns in
susceptible individuals with stroke or epilepsy. Sudden death in epilepsy and stroke has
become a focus of attention as it is one of the most disturbing aspects of patient care.
The data collected as your routine clinical procedure in epilepsy or stroke units of the
University Hospital will foorm a database to develop a sudden death risk index and
guidelines for preventative action for patients with epilepsy or stroke. Some of the data is
part of your routine clinical practice and some will be collected only for research purposes
of this investigation. You are being invited to participate to obtain data that will be used to
provide such risk index and guidelines. This project requires 180 patients.

Standard of Care

-Clinical wisits to neurologists, neurosurgeons, psychologists, and clinical
neuropsychologists for diagnosis and treatment.

-Outpatient EEGs, MRI.

-Admission to the Epilepsy Monitoring Unit (EMU) for Video-EEG telemetry.

-Patients may undergo functional MRI (fMRI) as part of routine clinical practice.

STUDY PROCEDURES
During your admission in the EMU you will perform simple physiological maneuvers
(breath-holds and hand grip exercise) and will undergo Microneurography and
Transcutaneous Electrical Nerve Stimulation (TENS) tests to measure your autonomic
balance as part of the interest for this research study. This measures are not part of the
routine clinical practice.

The following data collected will be used in this study under your consent:
- Your vital signs (blood pressure, heart rate, oxygen saturation and respiration)

1of6 Participant’s Initials
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Your imaging data including MRI and fMRI
Your Microneurography, TENS and autonomic maneuvers tests results.

These data will be used to:

Detect the seizure onset zone

Detect brain functional connectivity alterations (FCA)

Determine the extent of the involvement of specific brain regions in seizure onset
zone and FCA maps

Extract the brain's pattemns of cardiovascular control

Determine a risk factor by conducting statistical analysis to the results of the
previous parts.

The study procedures consist in:

Microneurography: The nervous system that regulates your blood pressure will
be examined with a technique called “microneurography”. This procedure has
two phases. First, the position of a nerve that nuns very close to your skin just on
the outside of the knee will be located using a small electrical pulse that will
cause your foot to twitch. This will be a strange sensation but will not be
uncomfortable and carmies no risk at the levels of electrical current that are being
used. Second, a thin needleike electrode (made out of tungsten and about the
size of a large human hair, 200 microns) will be inserted through the intact skin
and positioned just under the skin about 2-3 cm from the nerve site. You may feel
a pin-prick sensation when the electrode is passed through the skin, much like
the feeling you get when your blood is being taken. This will be followed by the
placement of a second electrode through the intact skin into this nerve (called the
peroneal nerve). This second electrode will be manipulated by the researcher
until the appropriate recording site is found; this search will not last longer than
60-min. The microelectrodes are sterilized before use and the area of skin
around the knee is cleaned with alcohol before and after the procedure. To
confimm an acceptable recording of nervous system activity we will perform a
series of breath holds for about 30 sec.

TENS: An electrical stimulator will be placed on your skin. The amount of
stimulation will be set just below that needed to cause discomfort or a very small
muscle contraction. Therefore, this type of muscle stimulation is painless and you
may not feel anything. Before placement of the stimulation pads, the skin is
numbed using a lidocaine cream. This TENS will be applied intervals up to 5 min
at a time.

Breath Holds (also called Apnea). You will be asked to hold your breath for as
long you can or up to a maximal duration of 30 seconds. You will be asked to
perform this test up to three times with 1-2 minutes of rest between each breath
hold.

Hand grip exercise: This is another physiological test which is done to increase
the arterial pressure so we can measure this variation. First, you will squeeze a
device as hard as you can 50 we can record your maximum handgrip strength.
You will then performn a series of lighter squeezes that will last from 30-sec to 2
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minutes in length. Following the 2 min test, a cuff will be placed around your
upper amm and inflated to levels that will feel like your blood pressure is being
measured. This level of cuff pressure stops blood from going into or out of your
am and will be maintained for up to 2 minutes. This maneuver allows us to study
the role of nerves in your amm that elevate blood pressure when muscles get tired
during exercise. Some of these handgrip tasks will be performed together with
TENS.

DURATION OF THE STUDY
Mo session is required outside of your routine clinical sessions. All required data will be
collected during your routine clinical sessions.

REASONS THAT WILL EXCLUDE YOU FROM THIS STUDY

If you are less than 18 years old or more than 85 years old. For the autonomic maneuvers,
Microneurography and TENS the maximum age is 65 years old. Also, it you have:
coronary heart disease, cardiac arrhythmias, cerebrovascular disease, hypertension,
cerebrovascular disease, kidney or liver disease, Raynaud's Disease, movement
disorders such as Parkinson's Disease, severe mental health impaimrments or metabolic
disorders such as diabetes, any history of head or eye injury involving metal fragments,
have ever worked in a metal shop, been a soldier, have some type of implanted electrical

device (such as a cardiac pacemaker), have severe heart disease (including susceptibility

to arrhythmias), or are wearing metal braces on your teeth, you should not have an MRI

scan. Additionally, if you have any of the following, you should not have an MRI scan:

(1)  claustrophobia,

(2)  any metallic implants, such as a pacemaker or cerebral aneurysm clips,

(3) have been injured anywhere in your body by a metallic object that was not
removed,

(4)  If you are pregnant or trying to conceive.

RISKS AND DISCOMFORTS

Finometer
There are no risks of using the finger cuff method (Finometer) of examining arterial blood

pressure. With the finger cuff the finger tip may turn a little blue and feel numb during the
prolonged test sessions but this resolves immediately when the cuff is removed.

Portable ECG
This device called “Firstbeat Bodyguard” has an adhesive gel on the patch sensors that
rarely causes skin irmtation.

MRI
The Food & Drug Administration (USA) has indicated that for clinical diagnosis an

‘insignificant’ risk is associated with human MRI exposure at the intensities used in this
project. Curment Canadian guidelines follow the USA guidelines. Although very rare, injury

Jofo Participant’s Initials
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and deaths have occurred in MRl units form unsecured metal objects being drawn at high
speeds into the magnet or from interal body metal fragments of which the subject was
unaware or not had not informed MRI staff. To minimize this latter possibility it is essential
that you complete a screening questionnaire. Other remote but potential risks involve
fissue bums and temporary hearing loss from the loud noise inside the magnet. The latter
can be avoided with ear plugs protection that also allows confinuous communication
between the subject and staff during the study.

Risks to participants in this study are minimal. Magnetic resonance imaging at 1.5 Tesla
is a routine clinical tool available in most hospitals, and is performed on thousands every
year. 5o far, no adverse side effects or complications have occurred during or following
magnetic resonance examinations involving patients who are not claustrophobic and do
not have any cranial dips, pins, cardiac pacemaker, or other metallic implants. At the
present time there have been no reliable research reports that have found any immediate
or long-term effects to human health from being in MRI scanners from 1.5 up to 8 Teslas.
However, there is a small chance that an as yet unknown problem may occur due to a
relatively limited experience with this imaging modality.

Isometric hand grip

The longer periods of handgrip exercise will produce forearm fatigue. Also, the post-
exercise period of forearm occlusion may be uncomfortable. This fatigue and discomfort
vanish quickly following the protocol. No major risks of this task or continuous cuff inflation
have been reported.

Breath Hold
You will feel breathless at the end of this test but there are no known nsks to this task.

Microneurography and Transcutaneous Electrical Nerve Stimulation

During these procedures you may expernence a small pinch similar to that of a small
needle when the electrode crosses the skin. You may feel transient paresthesias (pins
and needles) or involuntary muscle twitches during the process of locating an adequate
recording site. There are no residual consequences. Transient tendemess over the
microelectrode insertion site has been reported for ~7 days following the procedure in
0.5% of the more than 1200 cases studied by the Neurovascular Research Laboratory
under Prof. Shoemaker (who will do the procedures). This risk will be minimized by
limiting the search for an adequate signal to 60 minutes. Patients will be advised to
restrain from heavy physical exercise with the involved limb and that no pressure is
placed over it for 24-hours after the test.

BEMNEFITS

The information obtained may increase the understanding of sudden death in epilepsy
and stroke and which may be beneficial for the participant and may benefit future patients
with these conditions.

CONFIDENTIALTY
The study doctor will keep any personal health information about you in a secure and
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confidential location for a minimum of 25 years. A list linking your study number with your
name will be kept by the study doctor in a secure place, separate from your study file.
Representatives of the University of Western Ontario Health Sciences Research Ethics
Board and representatives of Lawson Quality Assurance Education Program may look at
the study records and at your personal health information to check that the information
collected for the study is comect and to make sure the study followed proper laws and
guidelines. Incidental findings are highly unlikely to exist as all will undergo routine clinical
evaluation before hand, however, if they do occur the principal investigator will approach
them and provide them with the appropriate information/care.

WITHDRAWING FROM THIS STUDY

Participation in this study is voluntary. You may refuse to participate, refuse to answer
any questions or withdraw your data from this study at anytime with no effect on your
future care.

COMPENSATION
You will not be paid to take part in the study.

CONTACT INFROMATION

If you have any questions about this study, please feel free to contact Dr. Seyed M.
Mirsattari If you have any questions about your rights as a research
participant or the conduct of this study, you may contact the Patient Relations Office at
LHSC at (919) 685-8000 ext 52036 or access the online fomm
at: hitps://apps Ihsc.on.ca/?q=forms/patient-relations-contact-form.

Please Note: You do not waive any legal rights by signing the consent form. You will be
given a copy of this letter of information and consent form once it has been signed.
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Consent Form for Participation
Title of Study:  Susceptibility to Sudden Death in Epilepsy and Stroke

Principal Investigator: Seyed M. Mirsattari, MD, PhD, FRCP(C)

| have read the letter of information, have had the nature of the study explained to me
and | agree to participate. All guestions have been answered to my satisfaction.

Dated in London, this day of .20

(Signature of Participant) (Print name of Participant)

(Signature of Researcher)

(Signature of Person Obtaining the (Print name of Person Obtaining the
Consent of the Participant) Consent of the Participant)
Date Obtaining the Consent form
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