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Abstract

Diaphragm pacing is a clinically useful modality providing artificial ventilatory support in patients
with ventilator dependent spinal cord injury. Since this technique is successful in providing full-
time ventilatory support in only ~50% of patients, better methods are needed. In this paper, we
review a novel method of inspiratory muscle activation involving the application of electrical
stimulation applied to the ventral surface of the upper thoracic spinal cord at high stimulus
frequencies (300 Hz). In an animal model, high frequency spinal cord stimulation (HF-SCS)
results in synchronous activation of both the diaphragm and inspiratory intercostal muscles. Since
this method results in an asynchronous pattern of EMG activity and mean peak firing frequencies
similar to those observed during spontaneous breathing, HF-SCS is a more physiologic form of
inspiratory muscle activation. Further, ventilation can be maintained on a long-term basis with
repetitive stimulation at low stimulus amplitudes (<1 mA). These preliminary results suggest that
HF-SCS holds promise as a more successful method of inspiratory muscle pacing.
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1. Introduction

Cervical spinal cord injury (SCI) resulting in chronic respiratory failure is a common clinical
problem. Of the 5,000 to 6,000 new cervical spinal cord injuries reported each year, nearly
20% will require mechanical ventilation (National Spinal Cord Injury Statistical Center,
2012). While most patients can eventually breathe spontaneously, approximately 5% (200—
400 per year) will require chronic mechanical ventilatory support (Carter et al., 1987). These
patients are subject to discomfort associated with attachment to a mechanical device, higher
risk of infections, interference with speech, need for greater caregiver assistance and high
costs of clinical support.
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Respiratory failure occurs in patients with cervical SCI as a consequence of disruption of the
bulbospinal pathways innervating the phrenic and intercostal motoneuron pools. Since the
neuromuscular apparatus below the level of injury is often intact, the peripheral nerves
innervating the inspiratory muscles can be electrically stimulated to restore inspiratory
muscle function (Hamid and Hayek, 2008; Pancrazio and Peckham, 2009). Phrenic nerve
stimulation can be applied to activate the diaphragm while upper thoracic ventral root
stimulation can be applied to activate the inspiratory intercostal muscles. In fact, for the past
several decades, bilateral phrenic nerve stimulation to restore diaphragm function has been a
clinically accepted modality in the management of ventilator dependent tetraplegics (Adler
et al., 2009; Brown et al., 2006; Carter et al., 1987; Creasey et al., 1996; DiMarco, 1999,
2001, 2004, 2009; DiMarco et al., 2002, 2005a; Dobelle et al., 1994; Elefteriades et al.,
2002; Glenn et al., 1980, 1984, 1985a, 1985h, 1986b, 1988; Hirschfeld et al., 2008; Moxham
and Shneerson, 1993; Onders et al., 2007; Peterson et al., 1994). Intercostal muscle pacing,
however, remains experimental (DiMarco et al., 1987, 1989, 1994, 2005b).

While diaphragm pacing (DP) is successful in many patients in terms of eliminating or
reducing the need for mechanical ventilation, current methods to provide respiratory support
have the capacity to sustain full-time ventilatory support in only ~50% of patients (DiMarco
et al., 1994, 2005a, 2005b; Onders et al., 2007; Weese-Mayer et al., 1996). There is a
clinical need, therefore, to develop better methods of inspiratory muscle stimulation with the
capacity to generate larger inspired volumes on a repetitive basis without the development of
fatigue.

In this paper, we review recent studies of a novel method of electrical activation of the
inspiratory muscle activation via the application of high frequency (300 Hz) electrical
stimulation on the ventral surface of the upper thoracic spinal cord. Unlike all previous
methods, this technique involves activation of the inspiratory motoneuron pools resulting in
more physiologic activation of the inspiratory muscles and coincident activation of both the
diaphragm and inspiratory intercostal muscles. In theory, this technique should provide
greater success in providing artificial ventilatory support to ventilator dependent
tetraplegics, compared to current DP technology.

2. Brief Historical Perspective

Diaphragm pacing to achieve artificial ventilation has a long and rich history dating back
more than 2 centuries. In the 18! century, Caldani (1786) first demonstrated in animal
studies that diaphragm movement could be achieved by electrical stimulation of the phrenic
nerve. Immediately following execution, Ure (1818) first demonstrated that breathing could
be restored in a human by stimulation of the phrenic nerve. In the latter 191 century,
Duchenne (1872) found that ventilation in humans could be restored by stimulation of
moistened sponges placed over the outer borders of the sternocleidomastoid muscles.
Subsequently, Sarnoff et al. (1948; Whittenberger et al., 1949) in the 1940s demonstrated
that ventilation could be maintained in polio victims with percutaneous electrodes placed in
the cervical region.

Major technological issues were resolved by Glenn and colleagues (1964; Van Heeckeren
and Glenn, 1966) in the 1960s leading to the development and implementation of fully
implantable modern-day phrenic nerve pacing systems. Other investigators have since
developed systems with improved electrode design (Talonen et al., 1990; Thoma et al.,
1987) and less-invasive methods of electrode placement (DiMarco et al., 2002, 2005a;
Onders et al., 2004; Shaul et al., 2007). DP has been commercially available for several
decades and is considered a safe and practical method of providing respiratory support in
ventilator dependent patients with cervical spinal cord injury (DiMarco, 1999, 2001;
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DiMarco et al., 1994, 2002, 2005a; Glenn et al., 1980, 1984, 1985a, 1985h, 1986h, 1988;
Onders et al., 2004; Thoma et al., 1987) and also central hypoventilation syndrome (Ali and
Flageole, 2008; Brouillette et al., 1983; Hunt et al., 1988; llbawi et al., 1985; Tibballs, 1991;
Weese-Mayer et al., 1992, 1996).

Using motor root stimulation techniques, previous studies (DiMarco et al., 1987, 1989,
1994, 2004) have also shown that the inspiratory intercostal muscles can be activated to
support breathing in patients with only a single functional phrenic nerve who are, therefore,
not candidates for phrenic nerve pacing.

3. Clinical Relevance of Diaphragm Pacing

Modern day mechanical ventilators can provide reliable, portable and efficient means of
respiratory support. The impact of DP, compared to mechanical ventilation, on long-term
survival is unknown. Carter et al (1987), however, compared survival rates in a retrospective
analysis. Overall survival rates were similar between groups, but the patients on mechanical
ventilation expired earlier than did patients maintained on DP. In a more recent clinical trial
of 64 patients over a 20 year period, there was no significant difference in longevity between
use of DP vs. mechanical ventilation (Hirschfeld et al., 2008). However, respiratory tract
infections were a more common cause of death in the mechanical ventilation group.
Additionally, there are important subjective parameters which make DP preferable to
mechanical ventilation in most individuals (DiMarco, 1999, 2001, 2004, 2009; Hunt et al.,
1988; Dobelle et al., 1994; Elefteriades et al., 2002; Glenn et al., 1986; llbawi et al., 1985;
Tibballs, 1991). Perhaps since patients are using their own breathing muscles generating
negative airway pressures (rather than the positive pressures generated by mechanical
ventilations), they describe the sensation of more normal breathing (Brown et al., 2006;
Creasey et al., 1996; DiMarco, 1999, 2001; Elefteriades and Quin, 1998; Glenn et al.,
1985b; Ilbawi et al., 1985; Moxham and Shneerson, 1993). Negative pressure ventilation
may also reduce the incidence of barotrauma and have beneficial cardiovascular effects
(Langou et al., 1978). Since ventilator tubing is not necessary, tension on the tracheostomy
tube is eliminated, improving patient comfort. Other potential benefits include improved
speech, elimination of fear of ventilator disconnection, restoration of olfactory sensation
contributing to an improvement in quality of life, improvement in patient mobility, easier
patient transport, elimination of ventilator noise and associated social embarrassment, and
reduction in overall cost (Adler et al., 2009; DiMarco, 1999, 2001, 2004, 2009; Dobelle et
al., 1994; Elefteriades et al., 2002; Fodstad 1987, 1989). Given these advantages, most
ventilator dependent SCI patients seek out DP and once they begin using these devices, have
no interest in returning to mechanical ventilation.

4. Limitations of Diaphragm Pacing

The fact that DP is not successful in providing full-time ventilatory support in a substantial
number of patients is generally due to inadequate inspired volume production (DiMarco et
al., 1994, 2005a, 2005h; Onders et al., 2007; Weese-Mayer et al., 1996). Low inspired
volumes may occur for several reasons. With current methodology, electrical stimulation of
the phrenic nerve is applied directly either to peripheral nerves, motor roots or functional
motor points. This results in synchronous activation of all motor units within the field of
stimulation and reversal of the normal recruitment order of motoneurons. Motor axons with
larger diameters which innervate more fatigueable fibers are activated initially and smaller
axons innervating fatigue-resistant muscle fibers are activated only at higher stimulus levels
(Levy et al., 1990). Further, given their higher thresholds (Enoka, 2002; Grandjean and
Mortimer, 1986; Lertmanorat and Durand, 2004; Prochazka, 1993), some axons are not
activated at all resulting in incomplete diaphragm activation. With the application of chronic
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DP, however, the diaphragm becomes reconditioned from a muscle with a population of
mixed fiber types to one with predominantly slow fibers (Acker et al., 1987; Glenn et al.,
1980; Peterson et al., 1986, 1994). A benefit of this fiber type conversion is that the
endurance capacity of the diaphragm isen hanced. Slow fibers, however, have relatively low
maximum force-generating capacities resulting in reduced inspired volume generation.

Sub-optimal inspired volume generation during DP also occurs as a consequence of the lack
of co-incident inspiratory intercostal muscle activation. While the diaphragm is clearly the
primary inspiratory muscle, the intercostal muscles generate 35-40% of the inspiratory
capacity (Agostini et al., 1965). Contraction of the intercostal muscles also acts to stabilize
the chest wall preventing paradoxical inward motion of the rib cage during diaphragm
contraction alone.

5. High Frequency Spinal Cord Stimulation (HF-SCS) to Activate the
Inspiratory Muscles

5.1 General observations

We have recently shown in animal studies that HF-SCS results in synchronous activation of
the diaphragm and intercostal muscles (DiMarco et al., 2009, 2010, 2011, in press). All of
the studies referenced in this paper related to the technique of HF-SCS have been performed
in dogs anesthetized with pentobarbital sodium. Initial descriptive studies of this method
indicated that both the diaphragm and inspiratory intercostal muscles can be activated in
concert with the application of electrical stimulation on the epidural surface of the upper
thoracic spinal cord at high stimulus frequencies (300 Hz) (DiMarco and Kowalski, 2009,
2010). Mean changes in inspired volume and negative airway pressure during electrical
stimulation over a wide range of stimulus frequencies and amplitudes, is shown in Fig. 1.
With increasing stimulus frequency from 50 to 300 Hz at any given stimulus current, there
were progressive increases in the magnitude of inspired volume and negative airway
pressure. While values at 200 Hz were significantly smaller than those at 300 Hz, there were
no significant differences between 300 and 400 Hz. Another important finding is the
leftward shift of these curves indicating that maximum inspired volumes and airway
pressures were achieved at lower levels of stimulus current. The magnitude of inspired
volume generation during HF-SCS at 300 Hz, 0.5 mA (0.93 £ 0.01 liter) approximates the
inspiratory capacity of these animals (1.04 = 0.02 liter) suggesting that HF-SCS results in
near-maximum diaphragm and intercostal muscle activation.

5.2 Multiunit EMG and single motor unit (SMU) activities

Multiunit EMGs of the parasternal (2"d interspace) and external intercostal (3 interspace)
muscles and costal diaphragm are displayed in a representative animal in Fig. 2. EMGs
recorded during spontaneous breathing are shown in the left panel and those obtained at
similar inspired volumes during HF-SCS are presented in the right panel. Of note, inspired
volume achieved during HF-SCS could be modulated by adjustments in stimulus current
while maintaining stimulus frequency at 300 Hz. Remarkably, the EMG activities during
HF-SCS and spontaneous breathing are very similar demonstrating an asynchronous pattern
of activation. This stands in marked contrast to direct phrenic nerve stimulation, which
results in synchronous activation of all axons and consequent development of a single action
potential following each stimulus spike.

Single motor unit activity during HF-SCS (300 Hz, 0.5 mA) is shown in a representative
animal in Fig. 3. All SMUs were analyzed as described previously (De Troyer et al., 1997,
Gandevia et al., 1996) using a commercially available software package (Spike 2,
Cambridge Electronic Design, Cambridge, UK). SMUs were sorted into ‘templates’ based
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on their size and detailed morphology. Moreover, the interactive software provides a review
of the frequency plot of each SMU and allows superimposition of spikes from each
particular SMU. One to three SMUs could usually be distinguished at each recorded site.
Fig. 3 shows an example of three different SMUs that were recorded simultaneously and
subsequently sorted. All spikes from each SMU are shown superimposed in the right hand
portion of the figure confirming their similar morphology. Firing frequencies ranged
between 7.8 and 14.9 Hz. Examples of SMU recordings from the parasternal and external
intercostal muscles and costal diaphragm during spontaneous breathing and HF-SCS are
shown in Fig. 4. A plot of the instantaneous firing frequencies is shown just below the raw
tracings from each muscle. As in the previous example, the SMU recordings are
superimposed to the right of each tracing. During both spontaneous breathing and HF-SCS,
firing frequencies gradually increase during the breath until a plateau is reached in the mid
to latter portion of the breath. During spontaneous breathing, mean firing frequencies of the
parasternal and external intercostal muscles and diaphragm were 12.3 £ 0.6, 12.1 + 0.5 and
10.8 £ 0.3 Hz, respectively. During HF-SCS, mean firing frequencies were 10.6 + 0.4, 11.7
+ 0.4 and 10.4 + 0.3 Hz, respectively. Importantly, there were no significant differences in
SMU firing frequencies between spontaneous breathing and HF-SCS. Similar values of
intercostal and diaphragm SMU firing frequencies have been observed in cats (Iscoe et al.,
1976; Sieck et al., 1984) and also normal human subjects (Saboisky et al., 2007).

The fact that HF-SCS results in an asynchronous pattern of inspiratory EMG activity
resembling spontaneous breathing and SMU firing frequencies are not significantly different
than those observed during spontaneous breathing are strong evidence that this method
results in physiologic activation of the inspiratory muscles.

5.3 Distribution of inspiratory drive to the external intercostal muscles

During normal breathing, inspiratory drive is distributed to the inspiratory intercostal
muscles in a stereotypical pattern: inspiratory drive is greater in those regions of the muscles
in which the mechanical advantage is greatest. This occurs in the most rostral and dorsal
portions of the external intercostal muscles and most rostral and ventral portions of the
parasternal muscles (De Troyer et al., 2003, 2005). This matching pattern would be expected
to minimize oxygen consumption. Moreover, this effect is magnified by the fact that the
topographical distribution of external intercostal muscle mass, in both dogs (De Troyer et
al., 1999) and humans (De Troyer et al., 2005), is greatest in the dorsal half of the rostral
intercostal spaces and decreases both caudally and ventrally. The distribution of inspiratory
drive to the intercostal muscles during HF-SCS, therefore, is of particular interest.

In these studies, stimulus parameters during HF-SCS were adjusted to provide inspired
volumes that matched those occurring during spontaneous breathing. Mean peak SMU
discharge frequencies were used to assess the relative distribution of inspiratory drive to the
various intercostal muscles. Histograms of the discharge frequencies of the SMU in the
dorsal portion of the 3 interspace, ventral portion of the 3" interspace and dorsal portion of
the 5% interspace during spontaneous breathing and during HF-SCS are shown in Fig 5.
Although mean peak firing frequencies were significantly higher during HF-SCS compared
to spontaneous breathing, the relative spatial distribution of inspiratory activity, i.e.
electrical activation of the dorsal portion of the 3™ interspace and dorsal portion of the 5t
interspace, was preserved in the same proportion during HF-SCS. When stimulus amplitude
was adjusted such that the absolute rib cage contribution to inspired volume during HF-SCS
matched that occurring during spontaneous breathing, the spatial distribution of electrical
activation was also maintained in the same proportion. The physiologic implication of these
results is that the neural circuitry responsible for the unique distribution of neural drive to
the external intercostal muscles is present at a spinal cord level and does not depend on
descending synaptic input from supraspinal centers. The clinical significance of these
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findings is that the external intercostal muscles are activated during HF-SCS in the same
efficient manner as that which occurs during spontaneous breathing. Since breathing is a
highly repetitive task, this physiologic pattern of intercostal muscle recruitment serves to
minimize the potential for muscle fatigue.

5.4 Chronic HF-SCS to provide ventilatory support

A crucial requirement of this technique as a potential method of clinical DP is the
demonstration that HF-SCS can be applied repetitively for long periods without the
development of fatigue. To this end, the capacity of chronic stimulation to sustain artificial
ventilation was evaluated by applying a fixed stimulus paradigm (300 Hz, 0.5 mA, 0.2 pulse
width) over a prolonged time period. This stimulus paradigm was selected as it resulted in
inspired volumes in the range that occurred while the animals breathed spontaneously. HF-
SCS was applied intermittently in pulsatile fashion at fixed intervals. Respiratory rate
(stimulus trains/min) was adjusted to maintain end-tidal PCO, between 35 and 40 mmHg
over a 10-15 min period. Inspiratory time was fixed at 1.2 s. Inspiratory muscle pacing was
maintained continuously over an arbitrary period of 6 hours. During prolonged HF-SCS,
mean airway pressure, inspired volume, end-tidal PCO,, oxygen saturation, mean blood
pressure and heart rate remained unchanged during the initial 5.5 hours (Fig. 6, Table 1). As
an additional test of the viability of this system, stimulus amplitude was increased to 1.5 mA
to induce hyperventilation during the final 30 minutes of stimulation. The increased stimulus
parameters resulted in a sustained fall in end-tidal PCO, to 25.7 + 0.7 mmHg. Importantly,
the development of reduced inspired volume and/or hypercapnia, which would have
indicated the development of system fatigue, did not occur. No significant limb movement
was observed during HF-SCS. These experiments suggest, therefore, that HF-SCS can be
applied for prolonged periods without the development of fatigue.

Unfortunately, a substantial number of patients with ventilator dependent spinal cord injury
have suffered damage to their phrenic nerves directly and/or phrenic motoneurons and,
therefore, are not candidates for DP. In this regard, the utility of HF-SCS of the intercostal
muscles alone to provide complete ventilatory support has also been studied. It is
noteworthy that this method would require the repetitive activation of a greater portion of
the intercostal motoneuron pool compared to that which occurs during spontaneous
breathing (Sieck and Fournier, 1989). To mimic the patient population of interest, HF-SCS
was provided following bilateral cervical phrenicotomy. As in the previously described
study, a stimulus paradigm was selected that resulted in inspired volumes in the range that
was observed during spontaneous breathing (300 Hz, 0.2 pulse width, 0.9-1.2 mA).
Likewise, respiratory rate was adjusted to maintain end-tidal PCO, between 35 and 40
mmHg; inspiratory time was fixed at 1.2 s. The mean effects of chronic HF-SCS applied
over a 6 h period on airway pressure, inspired volume, end-tidal PCO,, oxygen saturation,
mean blood pressure and heart rate recorded every 30 min, is shown in Fig. 7 and Table 2.
Throughout the initial 5.5 h of chronic stimulation, airway pressure and inspired volume
generation were unchanged. There were also no significant changes in end-tidal PCO, or
oxygen saturation. As in the previous experiment, stimulus parameters were increased
during the final 30 min of pacing. This resulted in a sustained decrease in end-tidal PCO, to
29.3 + 0.4 mmHg. Cardiovascular parameters also remained stable throughout the period of
stimulation. Importantly, despite the higher stimulus parameters employed with intercostal
muscle pacing alone compared to combined diaphragm and intercostal pacing, there was no
observable limb motion and upper limb EMG recordings were electrically silent. Of interest,
the mean peak SMU firing frequencies of the scalene parasternal intercostal (2" interspace)
and external intercostal (3™ interspace) at the beginning and end of the stimulus period were
not significantly different. Moreover, these values were not significantly different compared
to those which occur during spontaneous breathing. These results lend further support to the
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concept that HF-SCS results in physiologic activation of the intercostal muscles and suggest
that HF-SCS may be successful in sustaining artificial ventilation in ventilator dependent
patients with SCI who are not candidates for DP.

5.5 Mechanism of inspiratory muscle activation with HF-SCS

Based upon the observation of a physiological pattern of inspiratory muscle activation, these
results suggest that electrical stimulation of spinal cord tracts in the upper thoracic spinal
cord synapse with the diaphragm and inspiratory intercostal motoneuron pools.
Consequently, HF-SCS allows for processing of the stimulus within these pools resulting in
a more physiologic pattern of inspiratory muscle activation. Rather than passive integrators
of synaptic input, motoneurons possess intrinsic membrane properties that allow processing
of afferent signals in a specific manner, according to Hennemans’s size principle (Berger,
1979; Dick et al., 1987a; Donnelly et al., 1985; Henneman et al., 1965; Hilaire et al., 1987;
Jodkowski et al., 1987; Sieck, 1988). Smaller motoneurons that have lower membrane
surface area and higher input resistance are more excitable. Smaller motoneurons, therefore,
have a lower recruitment threshold than larger ones and are recruited first. Accordingly,
motoneuron activation and, therefore, motor unit recruitment proceed in an orderly fashion
from slow to fast units. As a result, slow fibers, which are fatigue resistant and generate
relatively low-twitch and maximum forces, are recruited first. Subsequently, there is
progressive recruitment of faster fibers, which are more fatigueable but capable of
generating much larger forces (Dick et al., 1987a, 1987b; Mantilla and Sieck, 2003). While
it is likely that this same orderly recruitment pattern occurs during HF-SCS, this
phenomenon has not yet been specifically investigated.

5.6 Potential spinal pathways mediating phrenic motoneuron activation

Specific studies were performed to evaluate two separate but related aspects of the spinal
circuits mediating transmission of the electrical signal between the electrode, which is
optimally positioned on the ventral surface of the spinal cord at the T2 level, and the phrenic
motoneurons (DiMarco and Kowalski, 2013). The first relates to the potential role of pre-
phrenic interneurons located in the upper cervical spinal cord and the second relates to the
spinal pathways in the vicinity of the stimulating electrode that are activated by electrical
stimulation.

The specific neuronal circuits mediating phrenic motoneuron activation in the cervical spinal
cord are also unknown. Potential spinal cord tracts that may be involved are provided in Fig.
8. As a first approach, we evaluated the potential involvement of pre-phrenic interneurons in
the upper cervical spinal cord (C1-C3) which synapse with the phrenic and upper thoracic
inspiratory motoneuron pools. A population of pre-phrenic upper cervical inspiratory
interneurons with projections to the phrenic motoneuron pools has been identified
(Bellingham, 1999; Dobbins and Feldman, 1994; Duffin and Iscoe, 1996; Hayashi et al.,
2003; Lane et al., 2008b, 2009; Lipski and Duffin, 1986; Lois et al., 2009; Nakazono and
Aoki, 1994; Palisses and Viala, 1987). Previous investigators have shown that these neurons
display inspiratory-related phasic bursting and have direct input from the rostral ventral
respiratory group (Duffin and Iscoe, 1996; Hayashi et al., 2003; Hilaire et al., 1986; Lane at
al., 2009; Palisses and Viala, 1987). Their functional role during spontaneous breathing,
however, is unclear. Other studies suggest that the pre-phrenic cervical interneurons may
serve as a synaptic relay between the brainstem and the phrenic and intercostal motoneurons
(Bellingham, 1999; Decima et al., 1967; Lane et al., 2008a, 2008b, 2009; Lee and Fuller,
2011; Sandhu et al., 2009). It is possible that they may have greater significance in
pathological states such as cervical SCI (Sandhu et al., 2009). The potential role of
interneurons in this region of the spinal cord has important clinical relevance: if HF-SCS is
dependent upon functional neuronal structures in the upper cervical spinal cord, this method
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may not be successful in providing inspiratory muscle pacing in ventilator dependent
patients with SCI, as this region of the spinal cord is often significantly damaged. Therefore,
we investigated the potential role of neurons in this region of the spinal cord by evaluating
the degree of phrenic activation, before and after sequential section of the spinal cord at the
upper C4 level, over a wide range of applied stimulation amplitudes. Following sequential
section of the dorsal columns, lateral funiculi and complete spinal cord at this level, there
were no changes in the magnitude of inspiratory muscle EMG (Fig. 9), inspired volume
(Fig. 10) or negative airway pressure (Fig. 11) compared to control values. Based upon these
results, the presence of pre-phrenic upper cervical interneuronal networks are not required in
the generation of the observed responses to HF-SCS. Rather, stimulated neuronal tracts in
the lateral funiculi synapse with interneurons in the vicinity of or directly with the phrenic
motoneurons.

With regard to spinal pathways in the vicinity of the stimulating electrode, the fact that tidal
volume can be restored with very low current levels (< 1 mA), suggests that these afferents
are superficially located near the ventral surface of the upper thoracic spinal cord. To further
isolate the location of these pathways activated during HF-SCS, inspiratory muscle EMG
recordings of the parasternal (2" interspace) and costal diaphragm (via the 7t interspace),
inspired volume and negative airway pressure generation were assessed before and after
sequential section of the spinal cord at the C8 level at different stimulus amplitudes (0.75, 2
and 6 mA at 300 Hz). As shown in Fig. 9 in a representative animal, there were negligible
changes in EMG activities following C8 section of the dorsal columns bilaterally (mean 93
+ 12 and 118 £ 9% of control for the parasternal and diaphragm, respectively). However,
following section of the lateral funiculi bilaterally, parasternal EMG fell marginally to 71 +
12% while diaphragm EMG was virtually eliminated. These changes were corroborated with
changes in inspired volume and negative airway pressure generation (Figs. 10, 11). There
were no significant changes in inspired volume or airway pressure generation at each
stimulus amplitude following dorsal column section at the C8 level. However, following
bilateral section of the lateral funiculi, there were marked decreases in these parameters. For
example at 2 mA, inspired volume and airway pressure fell from 703 £ 37 ml and 64 £ 4 cm
H,0 to 238 + 40 ml and 16 + 3 cm H,O (p < 0.05 for each comparison). There were no
further significant changes in these parameters following complete spinal cord section.
Relevant to these observations, previous investigators have described afferent inputs from
the lower thoracic intercostal and abdominal muscles that reflexly facilitate phrenic
motoneuron discharge via spinal pathways, i.e intercostal to phrenic reflex (Decima et al.,
1967, 1969a, 1969b). Moreover, Decima and colleagues also performed successive lesioning
of the spinal cord and found that the ascending pathways mediating the intercostal to phrenic
reflex ran bilaterally in the ventrolateral funiculi. It is reasonable to speculate, therefore, that
the responses to HF-SCS are mediated by these same pathways.

It is noteworthy that there is an extensive distribution of pre-phrenic interneurons throughout
the cervical spinal cord which project to both the phrenic and intercostal motoneuron pools
(Billing et al., 2000; Lane et al., 2008b). Recent studies also suggest that there may be a
network of interneurons comprising a central pattern generator at the level of the phrenic
motoneuron pools (Alilain et al., 2008). Stimulation of axons of these interneurons may also
mediate the observed responses to HF-SCS.

Most patients with ventilator dependent tetraplegia and who are candidates for DP have
spinal cord damage cephalad to the phrenic motoneuron pools. The fact that activation of the
phrenic motoneuron pools via HF-SCS does not involve cervical pre-motor neurons and
interneuronal networks in the upper portion of the cervical spinal cord suggests that damage
to the upper portion of the spinal cord would not preclude the success of this technique as a
method of DP.
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6. Summary

Diaphragm pacing is a clinically useful modality, providing a more advantageous method of
respiratory support compared to mechanical ventilation in ventilator dependent tetraplegics.
Unfortunately, this method has significant limitations as only ~50% of subjects are able to
be supported on a full-time basis (DiMarco et al., 1994, 2005a, 2005b; Onders et al., 2007;
Weese-Mayer et al., 1996). Recent studies demonstrate that the inspiratory muscles can also
be activated by a novel method of electrical stimulation involving the application of high
stimulus frequencies (300 Hz) on the ventral surface of the upper thoracic spinal cord
(DiMarco and Kowalski, 2009, 2010, 2011, in press). Unlike conventional phrenic nerve
stimulation, this method results in activation of the inspiratory motoneuron pools via spinal
cord pathways resulting in a) an asynchronous pattern of EMG activity, b) single
motoneuron firing frequencies in the same range as those occurring during spontaneous
breathing, and c) synchronous activation of both the intercostal muscles and diaphragm.
Presumably, motoneuron recruitment occurs in an orderly fashion from slow to fast units
allowing fatigue resistant slow fibers to be activated first, maintaining the range of
diaphragm force modulation and preserving the mixed fiber population of the diaphragm.
Consequently, inspiratory muscle pacing by this method should result in larger inspired
volumes and greater fatigue resistance. In theory, therefore, high frequency spinal cord
stimulation should provide a more successful method of providing respiratory support
compared to conventional diaphragm pacing. Further animal testing and ultimately clinical
trials, however, will be necessary to determine the applicability of this method in the SCI
population.
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Relationships between stimulus amplitude and inspired volume (left panel) and negative
airway pressure generation (right panel) at different stimulus frequencies. With increasing
stimulus frequencies between 50 and 300, there were significant increases in the magnitude
of these parameters. The 300 and 400 Hz curves, however, were not statistically different.
With HF-SCS, large inspired volumes and airway pressures were generated with small

stimulus amplitudes. Peak values were achieved with 2-3 mA.
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Figure2.

Multiunit EMGs of the parasternal intercostal muscle, external intercostal muscle and
diaphragm during spontaneous breathing (left panel) and during HF-SCS (right panel) at
comparable inspired volumes. As with spontaneous breathing, HF-SCS results in an
asynchronous EMG pattern of activation. This pattern is in marked contrast to the
synchronous EMG pattern observed during phrenic nerve stimulation.
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. |2 |

Figure 3.

Examples of single motor unit recordings from the diaphragm during HF-SCS in one
animal. Three separate motor units are readily identified. Each of the action potentials from
the three SMUs is shown superimposed to the right, confirming their similar morphology.
See text for further explanation.
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SMU activity recorded from the parasternal intercostal muscle, external intercostal muscle
and diaphragm during spontaneous breathing (left panel) and during HF-SCS (right panel) in
one animal. EMG, instantaneous motor unit discharge frequency and the corresponding
volume are plotted in each panel. All the action potentials from each SMU are superimposed
on the right. Note that during both spontaneous breathing and HF-SCS, discharge
frequencies of single motor units gradually increase during the first part of inspiration until a
plateau is reached and then gradually decline. Note also that there were no significant
differences in SMU firing frequencies between spontaneous breathing and HF-SCS.
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Figureb5.

Histograms of the discharge frequencies of all single motor units identified in the dorsal
portion of the 3" interspace (upper panel), ventral portion of the 3™ interspace (middle
panel) and dorsal portion of the 5% interspace (lower panel) during spontaneous breathing
(grey bars) and during HF-SCS (dark bars). Bin width, 1 Hz. Recordings were obtained
under conditions in which inspired volume during HF-SCS was matched to inspired
volumes recorded during spontaneous breathing by adjustment of stimulus amplitude. Note
that mean peak firing frequencies were significantly higher during HF-SCS compared to
spontaneous breathing due to the higher absolute ribcage contribution to inspired volume.
However, dorsoventral and rostrocaudal gradients of distribution of inspiratory drive
observed during spontaneous activity were similar to those occurring during HF-SCS.
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Figure®6.

Negative airway pressure generation (Paw) (following airway occlusion), inspired volume,
end-tidal PCO,, oxygen saturation, mean blood pressure and heart rate are plotted every 30
min during continuous inspiratory muscle pacing with HF-SCS. Results are means + SE.
Airway pressure and inspired volume generation remained constant throughout the initial
5.5 hours of stimulation. End-tidal PCO, and oxygen saturation were also maintained
between 35-40 mmHg and 95-99%, respectively. Mean blood pressure and heart rate also
remained stable throughout this period. After 5.5 hour of continuous pacing, stimulus
parameters were increased (indicated by arrows) resulting in an increase in inspired volume
and consequent fall in PCO, which was sustained over a 30 min period. These results
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indicate that adequate levels of ventilation can be maintained over a prolonged period with
HF-SCS.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DiMarco and Kowalski Page 23

(X
e

s s
<5 l
o
sl " s EEEE EEESE SN
25
QD
= 2 A . . . .
0 i 2 4 5 &
= l!
E e e ssEsEsEneSE
;E;’_
2
=
0 i z 4 5 6
E 40 3 B BN B BN BN BN A
.1*.: e
- . ; : . : .
L
0 1 2 3 4 §
]
F . s e e & % 5o e 8 gaece
™
[
2 g
o

§§§§§§§§§§§l§

Mean BF {mmHg)
o1

HR

(beats/min)

Time (hours)

Figure7.

Negative airway pressure generation (Paw) (following airway occlusion), inspired volume,
end-tidal PCO,, oxygen saturation, mean blood pressure and heart rate are plotted every 30
min during continuous inspiratory muscle pacing with HF-SCS after bilateral phrenicotomy.
Results are means + SE. Airway pressure and inspired volume generation remained constant
throughout the initial 5.5 hours of stimulation. End-tidal PCO, and oxygen saturation were
also maintained around 40 mmHg and 94%, respectively. Mean blood pressure and heart
rate also remained stable throughout this period. After 5.5 hour of continuous pacing,
stimulus parameters were increased (indicated by arrows) resulting in an increase in inspired
volume and consequent fall in PCO, which was sustained over a 30 min period. These
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results indicate that adequate levels of ventilation can be maintained over a prolonged period
with HF-SCS of the intercostal muscles alone.
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Figure8.
A simplified diagram of potential spinal cord tracts mediating activation of the phrenic
motoneuron pools during upper thoracic HF-SCS in the dog model. To mimic spinal cord
injury and localized potential involvement of different groups of neurons, HF-SCS was
performed under control conditions and following sequential section of the spinal cord: at
the C1 and C4 (high tetraplegia with injury above the phrenic pool of motoneurons) and C8

(low tetraplegia with injury below the phrenic pool of motoneurons) spinal levels. The
dotted horizontal lines indicate the areas of spinal cord section. See text for further

explanation.
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Figure9.

The effects of sequential section of the spinal cord at the C4 and C8 spinal levels on
parasternal intercostal and diaphragm EMG activation and inspired volume generation
during HF-SCS (2 mA, 300 Hz, 0.2ms pulse width) in a representative animal. Following
sequential section at the C4 level and dorsal columns at the C8 level, there were no
significant changes in peak integrated diaphragm EMG activity or inspired volume
compared to control values. However, following section of the lateral funiculi at the C8
level, there was a marked reduction in the degree of diaphragm activation and associated
marked reduction in inspired volume generation. There were no further changes following
complete section. In contrast, there were no changes in peak integrated parasternal EMG
following all spinal sections. See text for further explanation.
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Figure 10.

Mean inspired volume during HF-SCS at different levels of stimulation under control
conditions and following sequential section of the spinal cord. Note that following
sequential section at the C4 level and dorsal columns at the C8 level, there were no
significant changes in mean inspired volume compared to control values. However, section
of the lateral funiculi at the C8 level resulted in a marked reduction in mean inspired volume
generation. There were no further changes following complete section. See text for further
explanation.
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Figure 11.

Mean airway pressure generation during HF-SCS at different levels of stimulation under
control conditions and following sequential section of the spinal cord. Note that following
sequential section at the C4 level and dorsal columns at the C8 level, there were no
signficant changes in mean airway pressure generation compared to control values.
However, section of the lateral funiculi at the C8 level resulted in a marked reduction in
mean airway pressure generation. There were no further changes following complete
section. See text for further explanation.
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Table 1

Mean gas values during 6 hours of continuous HF-SCS. Values are means + SE.

Time (hour) ETCO,(mmHg) SaO, (%)
0 38717 97.5+0.5

2 38.3+0.9 96.0+ 1.0

4 38.0+0.6 97.5+0.5

55 37.7+0.7 97.5+0.5

6 25.7+0.7 100 £ 0.0

ETCO2, End-tidal PCO2; SaO2, arterial oxygen saturation
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Table 2

Mean gas values during 6 hours of continuous HF-SCS following bilateral cervical phrenicotomy. Values are
means + SE.

Time(hour) ETCO,(mmHg) SaO, (%)
0 40.3+£0.3 94.3+0.6

2 41.3+0.6 945+1.1

4 40.6 £0.6 940+0.9

55 39.9+0.8 942+0.9

6 29.3+04 97.8+0.7

ETCO2, End-tidal PCO2; SaO2, arterial oxygen saturation
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