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Abstract
Prolonged totally controlled mechanical ventilation results in the complete absence of
mechanical activity of the diaphragm leading to rapid loses in diaphragmatic function, a
syndrome known as Ventilator-Induced Diaphragmatic Dysfunction (VIDD). Electrical
activation of the diaphragm by phrenic nerve stimulation may prevent diaphragm atrophy
in sedated patients undergoing Controlled Mechanical Ventilation (CMV). The aims of
this thesis were to develop a control algorithm to pace the diaphragm in-synchrony with
a ventilator during controlled mechanical ventilation in critically-ill patients and analyze
the respiratory mechanics resulting from such co-ordinated inspiratory action of the
diaphragm and the mechanical ventilator. The algorithm was verified through bench
tests and evaluated in an animal model. In the animal study, the respiratory mechanics
were also analyzed to better understand the effects of synchronous diaphragm pacing
during mechanical ventilation and to identify an optimal level of pacing support during
mechanical ventilation for clinical applications.
Keywords:

Mechanical Ventilation; Disuse Atrophy; Diaphragm Pacing; Respiratory
Mechanics; Work of Breathing; Pressure Time Product
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1.

Introduction
Patients in hospital Intensive Care Units (ICU) may experience impairment in

their ability to breathe volitionally due to their underlying disease condition and require
positive-pressure mechanical ventilation (MV) to provide ventilatory assistance. MV is
routinely used in combination with sedation in the ICU to provide artificial ventilation for
these critically ill individuals.

Although mechanical ventilation is a life-sustaining

modality, when combined with sedation it interferes with active contraction of the
diaphragm. Prolonged totally controlled mechanical ventilation results in the complete
absence of neural activation and mechanical activity of the diaphragm and has been
shown to induce muscle atrophy, proteolysis, and reactive oxygen species liberation,
leading to rapid loses in diaphragmatic function, a syndrome known as VentilatorInduced Diaphragmatic Dysfunction (VIDD). The onset of diaphragm disuse atrophy is
rapid (Levine et al, 2008), leading to slower patient recovery, which often results in
ventilator dependence and translates into higher incidence of ventilator-acquired
pneumonia and nosocomial infections, longer stays in the ICU, and escalating
hospitalization costs. Mechanical ventilation is required in more than 33% of patients in
intensive care units across the United States (Dasta et al. 2005). Over 20% of ICU
patients are on a ventilator greater than 7 days, with 40-60% of their ventilator time
spent weaning after their initial acute respiratory event resolves (Onders, 2010).
In addition to ICU patients, mechanical ventilation is the primary modality of
ventilatory assistance for individuals with disease conditions that adversely affect
neurological function, such as Spinal Cord Injury (SCI).

These individuals may

experience impairment in their ability to breathe volitionally due to partial or complete
loss of control of the diaphragm, and are prone to lifelong dependence on a mechanical
ventilator.
According to Dasta et al. (2005) interventions that result in reduced ICU length of
stay and/or duration of mechanical ventilation could lead to substantial reductions in total
1

inpatient costs.

The identification of diaphragmatic atrophy after just 18 hours of

controlled mechanical ventilation suggests the importance of an intervention to prevent
or reduce disuse atrophy or adopting modes of partial ventilatory support as soon as
possible. In a recent review (Powers et al., 2009), the authors who documented the
onset of rapid disuse atrophy in human diaphragm during controlled mechanical
ventilation, also raised the question whether periodic activation of the diaphragm by
electrical stimulation can protect the diaphragm against controlled mechanical ventilation
induced diaphragm atrophy.
A viable alternative to MV is Diaphragm Pacing by phrenic nerve stimulation,
which results in more natural and rhythmic diaphragmatic contractions that promote
breathing. Diaphragm pacing is advantageous over mechanical ventilation because it
more closely mimics physiologic negative-pressure ventilation.

This poses less

barotrauma danger to the lung and may decrease vascular resistance and increase
systemic blood flow (Garcia-Morato et al. 2004).

In addition, negative-pressure

produced by diaphragm pacing during positive pressure mechanical ventilation can be
expected to reduce posterior lobe atelectasis and improve venous return, by a netreduction in the positive pressure applied by the ventilator.
Conventional Diaphragm Pacing systems have been indicated for use in patients
requiring long-term ventilatory assistance such as SCI patients or patients with
Congenital Central Hypoventilation Syndrome (CCHS) (Glenn et al. 1973, 1985, Baer et
al. 1990, DiMarco 1999, 2009). These systems cannot be prescribed for temporary use
in critically ill ICU patients because of the invasive nature of the implant surgery and the
possible risk of phrenic nerve injury. A case-study by Ayas et al. (1999) has shown
evidence that using short periods of electrical stimulation prevents diaphragm atrophy in
ventilator-dependent patients.

Therefore bilateral phrenic-nerve stimulation may be

useful in preventing atrophy of diaphragm fibres in patients with combination of
mechanical ventilation and diaphragmatic inactivity. A minimally invasive diaphragm
pacing system for short term use, as needed in the ICU environment seems to be a
necessity in the management of ICU patients.
To address this need, a minimally invasive nerve stimulation system (Hoffer et al.
2008) that will pace the phrenic nerves transvascularly via disposable endovascular
2

electrode leads (Hoffer et al. 2010), is being developed by the Neurokinesiology lab.
This system aims to work either in conjunction with a mechanical ventilator, causing
diaphragmatic contractions in-synchrony with each administered breath, intermittently
synchronized to some MV breaths, triggering the ventilator by stimulating the diaphragm
at regular intervals or as a stand-alone system. Such a pacing system is expected to
prevent, reduce or reverse diaphragm disuse atrophy that typically occurs in patients
who are on controlled mechanical ventilation and sedation for prolonged periods and by
extension, the adverse effects associated with MV will be avoided or reduced.
In order for the diaphragm pacing system to work in conjunction with a
mechanical ventilator and cause diaphragm contractions in-synchrony with each breath
administered by the ventilator, a control algorithm is required. Also, in order to keep the
diaphragm active and provide the benefits of negative pressure during positive pressure
mechanical ventilation, the diaphragm must be stimulated enough to do a certain level of
work and generate negative pressure.

However, one of the clinical objectives of

mechanical ventilation is to reduce the work of breathing (i.e. to unload the ventilatory
muscles) and allow them to rest while the causes of increased work load are reversed or
improved (Pierson, 2004).

Therefore, a trade-off between these two equally critical

objectives is required.
The two aims of this thesis are as follows: One aim is to develop and test an
algorithm that dictates when, how long and how often the diaphragm must be paced
with respect to the ventilator breaths.

Another aim is to analyze the respiratory

mechanics during three scenarios namely: mechanical ventilation only, diaphragm
pacing only and mechanical ventilation combined with diaphragm pacing. From this
analysis, a method of determining how much the diaphragm must be paced during each
ventilator breath during controlled mechanical ventilation is suggested.
Chapter 2 introduces the problem of ventilator induced diaphragm dysfunction
(VIDD) and provides a review of literature relevant to the problem. It also introduces the
concept of diaphragm pacing and in particular, pacing the diaphragm in-synchrony with
mechanical ventilation as a potential solution to the problem of VIDD.

3

Chapter 3 provides background information on the human respiratory system
and its mechanics during spontaneous breathing.

The fundamentals of mechanical

ventilation are also reviewed briefly to help the understanding of the proposed solution.
It also discusses the important differences between spontaneous breathing, diaphragm
pacing and mechanical ventilation to create the act of breathing.
Chapter 4 describes in detail an algorithm to pace the diaphragm in-synchrony
with the inspiratory phase of a mechanical ventilator breath. The high-level description of
the algorithm itself and its associated features was the main contribution of this thesis,
while the implementation of the algorithm in a working prototype of the diaphragm pacing
system was done by the implementation team at the Neurokinesiology Lab at SFU.
Another contribution of this thesis with regard to the control algorithm was the
development of testing/debug signals to verify the operation of the implemented
algorithm in bench tests.
The interaction between the ventilator and the diaphragm pacing system cannot
be studied comprehensively in bench tests, so animal test were carried out. The chapter
describes the methods used to quantify the respiratory mechanics and energetics during
diaphragm pacing in animal experiments. The methods described were originally used
in literature to study respiratory mechanics and energetics in spontaneously breathing
patients subjected to mechanical ventilation.

The novelty of this thesis is in the

extrapolation of these well-established methods to be specifically used in the context of
diaphragm pacing, either In-sync with a mechanical ventilator and or as a standalone
modality, to measure and control the level of diaphragm activity elicited by the
diaphragm pacing system.
Chapter 5 presents the results of the bench and animal tests, while Chapter 6
provides a discussion of the results.

Chapter 7 takes forward the discussions and

suggests improvements to the design of the diaphragm pacing system.

4

2.

Literature Review

2.1. Ventilator Induced Diaphragm Dysfunction
According to Powers et al. (2009), research on ventilator-induced muscle injury is
about twenty years behind research on ventilator-induced lung injury. It appears that
most research now being done is about unraveling the cellular, molecular and genetic
mechanisms in the development of VIDD and therapy aimed at interventions at the same
level. This thesis takes a macro level therapeutic approach at the muscle level. For a
good summary of the cellular level mechanisms involved and drug therapies refer to
Betters (2004).

2.1.1.

Problems with Controlled Mechanical Ventilation and
Sedation
Controlled Mechanical Ventilation is a mode of mechanical ventilation where the

ventilator provides all of the work of breathing and patient triggering of the ventilator is
not possible (total ventilatory assistance). Numerous studies have demonstrated that
prolonged controlled mechanical ventilation results in a rapid onset of diaphragmatic
atrophy in several species (Anzueto et al. 1997 (baboons); Shanely et al. 2002 (rats);
Radell et al. 2002 (piglets); Capadevila et al. 2003 (rabbits)).

The rapid rate of

mechanical ventilation induced diaphragmatic atrophy greatly exceeds the time course
of atrophy in locomotor skeletal muscles during periods of disuse and therefore is a
unique type of muscle wasting (Powers et al., 2009).
The rapid disuse atrophy of the human diaphragm was first documented in a
landmark study by Levine et al. (2008) that investigated the effects of prolonged totally
controlled MV in human subjects. It showed that the combination of 18 to 69 hours of
complete diaphragm inactivity and mechanical ventilation results in marked atrophy of
both slow-twitch [Type I] and fast-twitch fibres [Type II] of the diaphragm in brain-dead
5

human organ donors. The cross-sectional area of Type I and Type II fibres decreased on
average by 57% and 53% respectively. The complete absence of neural activation and
mechanical activity of the diaphragm not only induces muscle atrophy but also
proteolysis and reactive oxygen species liberation, leading to rapid loses in
diaphragmatic function, a syndrome known as Ventilator-Induced Diaphragmatic
Dysfunction (VIDD).
A recent study by Jaber et al (2011) used magnetic stimulation of the phrenic
nerves to measure the diaphragmatic twitch pressures at the mouth and evaluate
diaphragm weakness in mechanically ventilated humans. They confirmed the findings of
Levine at al (2008), that there is a rapid onset of diaphragmatic weakness and atrophy
during controlled mechanical ventilation. They also showed that mechanical ventilation is
associated with structural injury to diaphragm muscle fibres and up-regulation of the
proteolytic systems.

2.1.2.

Is VIDD Limited to Controlled Mechanical Ventilation?
The question that arises from the observations of Levine et al. (2008) and Jaber

et al (2011), is whether modes of mechanical ventilation that encourage diaphragmatic
activation (partial ventilatory assistance) better than controlled mechanical ventilation in
preventing/reducing diaphragm disuse atrophy and VIDD.
An in-vitro study of healthy rabbit diaphragms following 3 days of mechanical
ventilation revealed that unlike Controlled MV, other forms of mechanical ventilation,
such as Assisted mechanical ventilation (where some breaths are triggered by subject
effort), are associated with partial neural activation and mechanical activity of the
diaphragm. Partial diaphragm activation associated with Assisted MV is sufficient to
mitigate the profound reduction in maximum isometric tension that occurs in Controlled
MV and therefore it seems prudent that critically ill patients receiving prolonged
mechanical ventilation should receive partial support modes and reduced use of
sedatives that eliminate diaphragmatic contractions (Sassoon et al. 2004).
An in-vivo study of healthy piglet diaphragms demonstrated that maintaining
spontaneous ventilation with Adaptive Support Ventilation (ASV) protected the
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diaphragm against the occurrence of VIDD, whereas diaphragm atrophy occurred when
a totally controlled mode is applied (Jung et al. 2010).
These data suggest that use of ventilator modes that provide partial assistance,
where a patient makes some respiratory effort during some or all ventilator breaths, may
attenuate the development of diaphragmatic injury and weakness.
A study by Hermans et al (2010) concluded that the duration of mechanical
ventilation is associated with a logarithmic decline in diaphragmatic force, which is
compatible with the concept of VIDD.

They used measurements of Twitch

Transdiaphragmatic Pressure (TwPdi) elicited by Bilateral Anterior Magnetic Phrenic
Nerve Stimulation (BAMPS) to evaluate diaphragmatic strength and found a logarithmic
relation between TwPdi and assisted modes of ventilation such as Pressure Support
Ventilation, suggesting that even if patient effort is present in these modes, the
diaphragmatic activity may still be limited. The authors also suggest that the observed
decline may also be due to other contributing factors such as sedatives/analgesics and
sepsis.
It remains possible that large reductions in patient effort, short of complete
inactivity, may be sufficient to induce muscle injury-although less than that caused by
controlled ventilation. The appropriate trade-off between increased patient effort and
excessive respiratory muscle rest is unknown (Powers et al. 2009). The problem of
lesser than normal diaphragm activity during any mode of mechanical ventilation has
also been attributed to a reflex mechanism associated with the mechanical action of the
ventilator as determined by it settings. For example, a higher inspiratory flow rate will
switch-off the diaphragmatic activity sooner than a lower flow rate.
Further studies are needed to ascertain the optimal level of diaphragmatic effort
and to determine whether the specific method of promoting diaphragmatic effort during
mechanical ventilation [e.g., Spontaneous Breathing Trial, Assist-Control, PressureSupport, Neurally Adjusted Ventilatory Assist etc] has any impact upon the risk of
developing VIDD.
The findings by Levine et al. (2008) and observations on the association between
different ventilator modes and disuse atrophy have led to a change in the patient
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management practice in the ICU. More intuitive and patient-interactive modes have
been designed and reduced sedation followed by faster switching to partial support
modes is advised.

However, it is important to realize that even when using partial

support modes of mechanical ventilation or allowing for intermittent periods of
spontaneous breathing, studies have found persistent oxidative stress as well as
substantial residual deficit of diaphragmatic force production, even in the absence of
atrophy (Petrof et al. 2010).

Although advanced modes of mechanical ventilation

encourage patient-ventilator interaction and diaphragm contraction, these modes benefit
only those patients capable of some spontaneous breathing activity. Hence, a clinical
intervention is needed to keep the diaphragm muscle active during sedation, and
quicken weaning from mechanical ventilation.

2.2. Diaphragm Pacing
The main indication for conventional diaphragm pacing is for ventilatordependant subjects after high cervical cord injury and patients with central alveolar
hypoventilation (Garcia-Morato et al. 2004). Cervical spinal cord injury often results in
disruption of the motor pathways from the respiratory centre in the medulla to the
inspiratory muscles causing respiratory failure and dependence upon artificial ventilatory
support. All patients are initially supported with mechanical ventilation since this is the
most expeditious mode of restoring adequate ventilation and sustaining life. In selected
patients, however, phrenic nerve pacing may provide a clinically beneficial alternative to
mechanical ventilation (DiMarco et al. 2009).

2.2.1.

Commercially Available Diaphragm Pacing Systems
Three open-loop, phrenic-nerve pacing systems are available. They are the Mark

IV Breathing Pacemaker System manufactured in the U.S.A. by Avery Biomedical
Devices, the Atrostim Phrenic Nerve Stimulator manufactured in Finland by Atrotech
since 1986 and sold in several countries in Europe, and the Med-Implant manufactured
in Austria by MedImplant Biotechnisches Labor and used only in Germany and Austria.
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These systems employ electrodes which require surgical placement directly on
the phrenic nerves via thoracotomy. These are all, however, implantable devices that
require major surgery for implantation under total anesthesia and are not suitable for
minimally-invasive, phrenic-nerve pacing in fragile ICU patients.
Alternatively, diaphragm pacing by laparoscopically implanted intramuscular
electrodes developed by Synapse Biomedical (DiMarco et al. 2005) is becoming
available. The electrodes are placed directly into the diaphragm near the phrenic nerve
motor points and the procedure is less invasive than the previous methods. This device,
however has been FDA approved for use only in ventilator-dependant Spinal Cord Injury
(SCI) patients who lack voluntary control of their diaphragms and Amyotrophic Lateral
Sclerosis (ALS) patients who are experiencing chronic hypoventilation.
As these systems are open-loop systems, the pattern and level of ventilation are
fixed and not amenable to changes in metabolic needs or other adjustments required for
optimal speech, swallowing and other non-ventilatory involvement of the inspiratory
muscles (DiMarco et al. 2009).

2.3. Diaphragm Pacing In-Synchrony with
Mechanical Ventilation
Although Diaphragm Pacing is a well known technique, a Diaphragm Pacing
system intended for short term use in mechanically ventilated ICU patients to quicken
weaning, as hypothesized by our team has not been developed so far. Although a few
articles

discuss

the

possibility

of

intermittent

electrical

stimulation

of

the

diaphragm/inspiratory muscles during short-term mechanical ventilation (Pavlovic et al.
2003; Onders, McGee et al 2007; Onders, Schilz et al. 2007, Powers et al. 2009) such a
system has not been developed and investigated for clinical use.
A patent issued to Siemens medical describes a system for breathing assistance
that can pace the diaphragm in synchrony with the assistance provided by a mechanical
ventilator (Ward et al 2002). However, in the system described by the patent, the timing
and characteristics of pacing are controlled by a circuitry common to both the ventilator
and the pacing system. In contrast, the diaphragm pacing system proposed here is
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intended for simple interfacing and synchronous operation with any commonly used ICU
ventilator.

Figure 2-1.

Placement of Transvascular Phrenic Nerve Pacing Electrodes
relative to the locations of phrenic nerves (Hoffer et al. 2010)
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3.

Background Information
In order to understand the described algorithm and the analysis of respiratory

mechanics, it is important have a fundamental idea of how the respiratory system and
mechanical ventilators work. Only the most essential facts are incorporated here. For
further reading please see Chatburn (2004).

3.1. Spontaneous Breathing
The respiratory system of the body includes the lungs, the airways, the chest wall
and the respiratory muscles. Respiration is the process of moving O2 towards and CO2
away from living cells and is composed of 4 steps: Lung ventilation, gas exchange in the
lungs, circulation of blood between lungs and tissues and gas exchange between blood
and tissues. Lung ventilation, one of the four steps of respiration, is facilitated by the
natural act of breathing, referred to as Spontaneous breathing.
Spontaneous breathing is a cyclic activity with an inward flow of air called
Inspiration (or Inhalation) and an outward flow of air called Expiration (or Exhalation).
The

muscles

of

Inspiration

include

the

diaphragm,

external

intercostals,

sternocleidomastoids, and scalenes. The muscles of Expiration include the internal
intercostals and abdominal muscles. The diaphragm is the main inspiratory muscle and
its contraction accounts for nearly 70% to 80% of the air that inflates the lungs during
quiet breathing (Reid et al. 1995). Although the diaphragm is the primary muscle of
inspiration, the accessory muscles play an important role in stabilizing the chest wall
(Aiyar H., et al. 2001).
During spontaneous breathing, air flows into the lungs due to the expansion of
the thoracic cavity. The thoracic cavity is expanded by the contraction of the diaphragm
at the bottom of the rib cage and contraction of the external intercostal muscles, causing
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the ribs to move upwards and outwards. As a result, thoracic volume increases, causing
the alveolar pressure (Palv) to drop below the airway opening pressure (Paw, which is
equal to the atmospheric pressure) and the air flows down this pressure gradient and
into the lungs. Inspiratory air flow stops when Palv and Paw become equal. During quiet
Expiration, the diaphragm relaxes and the elastic recoil force of the lungs and chest wall
stored during the preceding inspiration reduces the thoracic volume and bring the lungs
to their resting position, known as Functional Residual Capacity (FRC). No energy is
therefore consumed during a natural, quiet expiration.

3.1.1.

Differences between Spontaneous Breathing and
Mechanical Ventilation
Mechanical Ventilation, a form of artificially ventilating the lungs, can be

separated into two broad categories based on whether Inspiration is caused by a
Positive or Negative pressure change: Intermittent Negative Pressure Ventilation (INPV)
and Intermittent Positive Pressure Ventilation (IPPV), respectively (Aiyar H., et al. 2001).
Since, positive pressure ventilation is the most common technique used to treat
respiratory failure and is the subject of this thesis, mechanical ventilation here refers to
positive pressure ventilation.
Unlike spontaneous breathing, where airflow is generated by a decrease in
pleural, alveolar and airway opening pressures (gas is being “pulled” into the lungs),
positive pressure ventilation “pushes” gas into the lungs (Aiyar H., et al. 2001). In a
completely relaxed patient, the ventilator achieves this by raising the airway opening
pressure (Paw) above the baseline airway pressure (typically equal to atmospheric
pressure + a small positive value), thereby creating a temporary pressure gradient
between the airway opening and the alveolar pressures, forcing air into the lungs.
Inspiratory Flow continues until a preset peak pressure is reached, at which point Palv
and Paw become equal. During Expiration, the ventilator suddenly drops the airway
opening pressure (Paw) from the peak pressure (achieved during the preceding
inspiration) to the baseline airway pressure, again creating a temporary pressure
gradient between Paw and Palv, promoting gas flow out of the lungs into the external
breathing circuit. Similar to spontaneous breathing, the elastic recoil force of the lungs
and chest wall promotes passive exhalation and no energy is consumed.
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Figure 3-1.

Signals of interest during Mechanical Ventilation

Figure 3-1 illustrates the signals of interest for analysis of respiratory mechanics.
Measurement of airway pressure (Paw) during mechanical ventilation reflects
mechanical ventilator activity. The esophageal pressure (Pes) is a surrogate of pleural
pressure. The meaning of Pes depends upon the condition of measurement. When the
subject is relaxed and making no spontaneous effort (for eg., a deeply sedated patient
undergoing mechanical ventilation), the Pes reflects the passive characteristic of the
chest wall. If the subject is contracting his respiratory muscles (for eg. during
spontaneous breathing), the Pes reflects activity of the respiratory muscles.

3.1.2.

Differences between Spontaneous Breathing and
Diaphragm Pacing
As mentioned earlier, the diaphragm is the primary muscle of inspiration, but the

external intercostals, scalenes and sternocleidomastoids also participate in normal
inspiration. These so-called accessory muscles play an important role in stabilizing the
chest wall and their inactivity during sedation gives rise to differences between
spontaneous breathing and diaphragm pacing. In a scenario typical of the intervention
studied in this thesis, the accessory muscles are inactive due to sedation and the
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diaphragm contracts in isolation (due to phrenic nerve pacing). When the diaphragm
alone is activated for inspiration, its contraction acts to decrease pleural pressure and
increase abdominal pressure (Aiyar H., et al. 2001). If the diaphragm is the only muscle
acting on the ribcage (i.e., the accessory muscles of inspiration are inactive), it produces
two opposing effects when it contracts. On the upper ribcage, it decreases the anteroposterior diameter, which causes an expiratory action due to the fall in pleural pressure.
On the lower rib cage, it causes expansion (Vassilakopoulos et al. 2008). On the
contrary, during spontaneous breathing where the accessory muscles are active, the rib
cage is supported and the inward movement caused by the diaphragm contraction is
counter-balanced by the contraction of the parasternal and external intercostals,
preventing the paradoxical inward movement of the upper rib cage (Aiyar H., et al.
2001).
The paradoxical pattern of chest wall motion during isolated diaphragm
contraction is in fact observed in tetraplegic patients with transection injury at the fifth
cervical segment of the spinal cord, who have complete paralysis of the inspiratory
muscles except for the diaphragm (Vassilakopoulos et al. 2008). This was also reported
in supine apneic dogs whose diaphragms were paced intramuscularly (Peterson et al.
1986). When the diaphragm is paced during apnea, the rib cage circumference
decreases and involves an inward buckling of the lateral walls of the upper rib cage and
a reduction of the antero-posterior dimension of the chest (Peterson et al. 1986).
Diaphragm contraction alone as occurs in patients with tetraplegia, causes
preferential distribution of ventilation to the caudal regions of the lung, whereas
intercostal muscle contraction alone, as occurs in patients with diaphragm paralysis,
causes preferential distribution of ventilation to the cephalad lung regions (DiMarco et al.
2004). In dogs, when diaphragm activation is achieved by phrenic nerve stimulation,
diaphragm breathing is significantly more efficient than intercostal muscle breathing and
the distribution of ventilation remains well matched to pulmonary perfusion resulting in
preservation of normal gas exchange (DiMarco et al. 2004, Epstein et al. 1979).
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3.2. Model of the Respiratory System

Figure 3-2.

A simple model of the respiratory system and associated pressure
differences (from Chatburn, 2004)

Figure 3-2 represents a simplified model of the human respiratory system, which
is composed of the lungs and the chest wall. The airways are modeled as a single
compartment with a single resistance to the flow of gas, which results in a pressure
development (the Transairway pressure). The lungs and chest wall are modeled as a
single compartment with a single elastance to the volume of gas, which results in a
pressure development (Transthoracic pressure).

The sum of Transairway and

Transthoracic pressure is the Transrespiratory pressure, or the total pressure that needs
to be generated to inflate the lungs with a given volume of air. During spontaneous
15

breathing, the Transrespiratory pressure is generated by the inspiratory muscles. During
totally controlled mechanical ventilation the Transrespiratory pressure is generated by
the mechanical ventilator. During partial ventilatory support, the mechanical ventilator
and the subject’s inspiratory muscles share the responsibility of generating the
Transrespiratory pressure.

3.3. Mechanical Ventilation
A Mechanical Ventilator is an automatic machine designed to provide all or part
of the work the body must produce to move gas into and out of the lungs.

A

conventional ventilator commonly used in the intensive care unit will produce breathing
patterns that approximate those produced by a normal spontaneously breathing person
at rest. See Chatburn, 2004.
The most common reasons to institute mechanical ventilation are to decrease
patient distress resulting from an increase in the work of breathing and improve
oxygenation. The performance of the respiratory muscles is a dominant consideration at
the points when mechanical ventilation is first instituted and when it is being withdrawn
(Powers et al. 2009).

3.3.1.

Control System of a Mechanical Ventilator

Control Variables
A control variable is the primary variable that the ventilator control circuit
manipulates to cause inspiration. There are only three variables that a ventilator can
control: Pressure, Volume, and Flow. Because only one of these variables can be
directly controlled at a time, a ventilator must function as either a pressure, volume or
flow controller.

Phase Variables
A complete cycle or breath controlled by a ventilator consists of four phases:
starting Inspiration, inspiration itself, ending Inspiration, expiration. The phase variable is
a signal that is measured and used by the ventilator to initiate some part, or phase, of
16

the breath cycle. The variable causing a breath to begin is the trigger variable. A
variable whose magnitude is constrained to some maximum value during inspiration is
called a limit variable. The variable causing a breath to end is the cycle variable.
During expiration the ventilator maintains some level of pressure at or above
atmospheric pressure (positive end-expiratory pressure or PEEP), which is referred to as
the baseline variable.

Influence Diagram
This diagram describes the controls on a mechanical ventilator and their
relationships.

Figure 3-3.

Mechanical Ventilator Settings: Influence Diagram for VolumeControlled Ventilation (Chatburn, 2004)
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3.3.2.

Definition of Breaths and Breath Types
A Ventilator breath is defined as a positive change in airway flow (inspiration)

paired with a negative change in airway flow (expiration), both relative to baseline flow
and associated with ventilation of the lungs.
An Assisted breath is a breath during which all or part of inspiratory (or
expiratory) flow is generated by the ventilator doing work on the patient. In simple terms,
if the airway pressure rises above end-expiratory pressure during inspiration, the breath
is assisted.
A Spontaneous breath is a breath for which the patient controls the start time
and tidal volume. i.e. the patient both triggers and cycles the breath.
A Mandatory breath is a breath for which the machine sets the start time and/or
the tidal volume. i.e. the machine triggers and/or cycles the breath.

3.3.3.

Modes of Mechanical Ventilation
The Mode of mechanical ventilation refers to a pre-defined pattern of interaction

between the patient and the ventilator. In other words, it is a specification of how the
ventilator controls pressure, volume and flow within a breath, along with a description of
how the machine breaths and spontaneous breaths are sequenced.

The mode of

operation of ventilators can be classified broadly as follows:
Continuous Mandatory Ventilation, also referred to as Assist/Control mode, is
intended to provide full ventilatory support. All breaths are mandatory and delivered by
the ventilator at a preset volume or pressure, breath rate and inspiratory time.
Spontaneous breaths are not allowed between mandatory breaths. Each breath can
either be time triggered or patient triggered leading to a sub-classification as follows:
Controlled Mechanical Ventilation is a form of Continuous Mandatory Ventilation
in which all breaths are initiated and ended by the machine. The respiratory muscles are
not contracting and the ventilator takes full responsibility for inflating the lungs. In short,
there is no patient contribution towards the work of breathing.
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Assisted Mechanical Ventilation is a form of CMV where the patient triggers
some breaths in between mandatory breaths and the ventilator delivers the preset
volume or pressure identical to mandatory breaths. In short, the patient has to do a little
work of breathing to trigger the ventilator, but immediately after the trigger, the ventilator
takes full responsibility for the work of breathing.
Intermittent Mandatory Ventilation (IMV) is a partial support mode that
requires the patient to sustain some of the work of breathing. The level of mechanical
support needed is dependent upon the presence and degree of ventilatory muscle
weakness, and severity of lung disease. Mandatory breaths are delivered at a set rate by
the ventilator (which can be delivered at a preset volume or pressure) and between
mandatory breaths the patient is allowed to breathe spontaneously.
Continuous Spontaneous Ventilation (CSV) is a partial support mode in which
all the breaths are initiated and ended by the patient. i.e. all breaths are spontaneous.
The level of support provided by the ventilator determines the patient’s work of
breathing.
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4.

Methods
In this section, development of the In-Sync Mode control algorithm and its

evaluation in bench tests and animal tests will be discussed. In addition, methods used
offline to analyze the respiratory mechanics in animals during different conditions of
diaphragm pacing will be elucidated.

4.1. Development of In-Sync Mode Control Algorithm
In patients sedated and subjected to controlled mechanical ventilation,
diaphragm pacing must follow the breathing pattern of the mechanical ventilator to the
keep the diaphragm active, since the patient’s spontaneous breathing is suppressed. To
address this need, a control algorithm to pace the diaphragm in-synchrony with the
ventilator has been developed and this mode of operation will be referred from now on
as In-Sync Mode.
While pacing in-sync with a controlled mechanical ventilator, the factors that
need to be controlled by the pacing system are timing, duration, size and rate of paced
breaths. The factors namely timing, duration and rate of breaths can be inferred from the
mechanical ventilator in a straight forward manner by monitoring a signal of interest at
the patient-ventilator interface. However, the size of each breath has to be decided in
light of several other factors such as the capacity of the diaphragm, pathology of the
lungs, cardiovascular and hemodynamic status of the patient. Therefore to keep the
algorithm simple, it is designed to automatically determine on a breath-by-breath basis
only the timing, duration and rate of diaphragm pacing with respect to mandatory breaths
delivered by the ventilator. The size of each paced breath, or in other words, the
intensity of diaphragm pacing will be input by a trained operator before initiation of
pacing. How the intensity of contraction is determined by the operator is discussed later
in this thesis.
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4.1.1.

Aim of the Control Algorithm
The algorithm must
1. Continuously monitor the mechanical ventilator signals to determine
the timing, duration and rate of ventilator breaths.
2. Automatically trigger diaphragm stimulation synchronized with the
inspiratory phase of the ventilator breaths.
3. Continuously adjust the timing, duration and rate of diaphragm pacing
corresponding to changes in ventilator breaths.
4. Ensure stimulation does not occur during undesired phases of the
ventilator breath, thereby preventing discomfort to the patient.

4.1.2.

Monitored Signals
To monitor the activity of the ventilator and respond accordingly, a signal of

interest needs to be measured from the ventilator circuit. As explained in sections 3.3.1
and 3.3.2, the ventilator can control Pressure, Volume or Flow and a ventilator breath is
defined in terms of air flowing into and out of the patient. The location in the ventilatorpatient interface where airflow during both inspiration and expiration can be sensed with
a single sensor is at the wye connector (the connector that joins the inspiratory and
expiratory limbs of the patient circuit with the endotracheal tube (Chatburn, 2003)). This
also is an ideal location for sensing volume since some volume is compressed in the
patient circuit and volume measured at this location represents the true volume delivered
to the patient. This location is referred to as the airway opening and signals sensed at
this location are referred as pressure at the airway opening and flow at airway opening
or in short, Airway Pressure and Airway Flow. Volume moving into and out of the lungs
is calculated as the time integral of Airway Flow.
A low cost, disposable differential pressure transducer is placed at this location to
sense airway flow and airway pressure. Flexible tubing connect the disposable
transducer to measurement hardware within the pacing system control unit. The realtime measurements from the measurement system are used by the control algorithm to
detect the different phases of the ventilator breath and synchronize stimulation
accordingly.
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4.1.3.

A Typical Ventilator Breath and Its Phases
A typical mechanical ventilator flow waveform is shown below to illustrate its

different phases and their durations.

Figure 4-1.

Typical Flow Waveform with an Inspiratory Pause during Controlled
Mechanical Ventilation illustrating the different durations of interest
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Figure 4-2.

Typical Flow Waveform without an Inspiratory Pause during
Controlled Mechanical Ventilation illustrating different durations of
interest. A corresponding increase in Expiratory Duration can be
seen.
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Inspiratory Flow Duration is the duration during which gas flows from the
ventilator to the patient. Inspiratory Pause Duration is the interval during which
inspiratory flow has ceased but expiratory flow is not yet allowed. This interval may be
sometime set on the ventilator to infer lung mechanics or to simply hold the lungs open
longer in an attempt to improve oxygenation. The sum of Inspiratory Flow Duration and
Inspiratory Pause Duration is the Inspiratory Duration (Chatburn, 2004). When there is
no Inspiratory Pause, Inspiratory Duration = Inspiratory Flow Duration.
Expiratory Flow Duration is the duration during which gas flows from the
patient to the atmosphere. Expiratory Pause Duration is the interval during which
expiratory flow has ceased but inspiratory flow has not yet started. The sum of
Expiratory Flow Duration and Expiratory Pause Duration is the Expiratory Duration
(Chatburn, 2004).

4.1.4.

Breath Detection Algorithm
A Breath Detection Algorithm is designed to detect the phase transitions in the

flow waveform and demarcate the durations of interest shown in Figure 4-1. Threshold
crossings are used to detect the phase transitions in the flow signal to identify inspiration
and expiration phases of the ventilator breath and calculate the corresponding durations.
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Figure 4-3.

Illustration of various threshold crossings and durations of a
ventilator breath with an inspiratory pause.
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Figure 4-4.

Illustration of various threshold crossings and durations of a
ventilator breath without an inspiratory pause.
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As shown in Figure 4-3 and Figure 4-4, two programmable thresholds namely
Inspiration Phase Threshold (InsPhTh) and Expiration Phase Threshold (ExpPhTh) are
used for Breath Detection and a third threshold namely Trigger Threshold (Trigger Th) is
used to trigger stimulation. Both InsPhTh and ExpPhTh crossings are programmable in
the range of 0.5 to 30 LPM and are typically programmed as 3 LPM. Based on the value
of airway flow before and after a threshold crossing, InsPhTh and ExpPhTh crossings
can be prefixed with AC (Ascending Crossing) or DC (Descending Crossing). This gives
rise to 4 possible crossings namely AC InsPhTh, DC InsPhTh, AC ExpPhTh and DC
ExpPhTh, as shown in figures above.
A new ventilator breath and its Inspiration Phase are said to be identified when
an AC InsPhTh crossing is detected. The Expiration Phase is said to be identified when
a DC ExpPhTh crossing is detected. The durations of interest are then calculated as
follows:
The Inspiratory Flow Duration, TFlow is calculated as the time elapsed between
an AC InsPhTh crossing and a DC InsPhTh crossing.
TFlow = Time at DC InsPhTh crossing – Time at AC InsPhTh crossing
Equation 1
The Inspiratory Phase Duration, TInspiration is calculated as the time elapsed
between an AC InsPhTh crossing and a DC ExpPhTh crossing.
TInspiration = Time at DC ExpPhTh crossing – Time at AC InsPhTh crossing
Equation 2
The Inspiratory Pause Duration, TPause is calculated as the difference between
Inspiratory Duration and Inspiratory Flow duration.
TPause = TInspiration – TFlow
Equation 3
The Total Breath Duration, TBreath is calculated as the time elapsed between
two consecutive AC InsPhTh Crossings.
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TBreath = Time at current AC InsPhTh – Time at previous AC InsPhTh
Equation 4
The Expiratory Phase Duration, TExpiration is calculated as the difference
between Total Breath Duration and Inspiratory Duration.
TExpiration = TBreath – TInspiration
Equation 5
An AC ExpPhTh crossing is not used in any computations above since the flow
waveform generally fluctuates in this region leading to multiple crossings during a
breath.

4.1.5.

Stimulation Algorithm
When the stimulation system is started, no stimulation is delivered for a period of

30 seconds. During this Idle period, the system acquires the ventilator signals and
monitors the pattern of ventilator breaths. The Breath detection algorithm computes the
timing, duration and rate of ventilator breaths as described in section 4.1.4. At the end
of the 30 second idle period, the stimulation algorithm waits until a trigger point is
encountered to start the stimulation. For this reason, a Trigger Threshold (Trigger Th)
value is set by the operator prior to start of pacing.
Whenever the Trigger Threshold (Trigger Th) is crossed, a Trigger Crossing
(TrC) is identified and stimulation for the ensuing breath is triggered. A separate trigger
crossing is used to trigger the stimulation instead of the DC ExpPhTh crossing so as to
ensure random fluctuations in flow near the zero flow baseline do not trigger stimulation.
The Trigger Crossing occurs immediately after the start of Expiration (a DC ExpPhTh
crossing) but the stimulation pulses have to be delivered in-synchrony with the
Inspiration Phase of the ventilator. Hence, as soon as TrC is detected, stimulation
delivery is delayed for a time equal to the Expiratory Duration (TExpiration) of the
Current Breath, or equivalently Stimulation Wait Duration (TSW) (i.e., Stimulation Wait
Duration (TSW) = TExpiration). The Expiratory Duration of the Current Breath is estimated
from the last computed value of TBreath and the TInspiration of the Current Breath, as
described in Equation 5. During this wait time the stimulation algorithm sets the TFlow
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duration of the Current Breath as the stimulation train duration for the next breath and
prepares the stimulation parameters such as frequency and intensity of stimulation
pulses. On expiry of the Stimulation Wait Duration, the stimulation train is delivered to
the phrenic nerves via the endovascular electrodes.
The Inspiratory Flow Duration (TFlow) of the current breath is computed
according to Equation 1, and is used as the Stimulation Train Duration (TStim) during
the next breath.
Stimulation Train Duration for Next Breath, TStim = TFlow of Current Breath
Equation 6

4.1.6.

Phasing of Stimulation with Ventilator Inspiratory Flow
The algorithm allows the phasing of the Stimulation Trains with respect to the

Inspiratory Flow period (as opposed to the Inspiratory Period, which is the sum of
Inspiratory Flow Period and Inspiratory Pause Period) of the Ventilator Inspiration
Phase. This means the stimulation train can be programmed to precede the Inspiratory
Flow Onset and can also be programmed to end-before or end-after the end of ventilator
Inspiratory Flow.
Stimulation Train preceding the start of Ventilator Inspiratory Flow:
Physiologically, there is a time delay between phrenic nerve stimulation and diaphragm
muscle contraction to produce a given amount of force. In order to allow time required
for force build-up, the stimulation train might be programmed to precede the beginning of
the next ventilator breath by a small amount of time. To facilitate this, the Stimulation
Wait Time (TSW) is shortened by a parameter called the Muscle Contraction Time
(TMCT), which is programmable in the range of 0 to 500 msec. It is typically programmed
as 100 msec. The Stimulation Wait Time (TSW) is therefore calculated as,
TSW = TExpiration - TMCT
Equation 7
Programming a value for TMCT simply shifts the stimulation train in time, with
respect to the onset of ventilator inspiratory flow. The duration of the stimulation train is
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still calculated as per Equation 6. In Figure 4-5 and Figure 4-6, the Stimulation Wait
Time (TSW) is calculated as per Equation 7, and therefore the Stimulation Train precedes
the onset of ventilator inspiratory flow, by an amount equal to TMCT.
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Figure 4-5.

Illustration of a Stimulation Train preceding the onset of ventilator
Inspiratory flow (no Inspiratory Pause); TMCT = 100 msec.
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Figure 4-6.

Illustration of a Stimulation Train preceding the onset of ventilator
Inspiratory Flow (with an Inspiratory Pause); TMCT = 100 msec.
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Stimulation Train ending at or after the end of Ventilator Inspiratory Flow:
As can be seen from Figure 4-5 and Figure 4-6 above, shifting the stimulation train by
duration TMCT, results in the stimulation train ending before the end of ventilator
Inspiratory Flow. A parameter is therefore needed to extend the stimulation train until
end of or beyond the end of ventilator inspiratory flow. In order to control the length of
stimulation train with respect to the end of ventilator inspiratory flow, the stimulation train
duration can either be increased or decreased by a small amount of time using a
programmable parameter, Stimulation End Time (TES).

This parameter is

programmable between -500 msec (truncating the train duration) and +500 (extending
the train duration). It is typically programmed equal to or greater than the programmed
value of TMCT. The Stimulation Train Duration calculated in Equation 6, is therefore recomputed as,
Stimulation Train Duration, TStim = TFlow + TES
Equation 8
When the TMCT and TES parameters are set equal, the stimulation train is
extended by the same amount by which it precedes the onset of ventilator inspiratory
flow and therefore the end of stimulation train coincides with the end of ventilator
inspiratory flow. This is illustrated in Figure 4-7 and Figure 4-8.
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Figure 4-7.

Illustration of a Stimulation Train ending at the same time as the end
of ventilator inspiratory flow (no Inspiratory Pause; TES = TMCT = 100
msec)
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Figure 4-8.

Illustration of Stimulation Train ending at the same time as the end
of ventilator inspiratory flow (with Inspiratory Pause; TES = TMCT =
100 msec)
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When the ventilator inspiratory flow waveform does not have an Inspiratory
Pause (i.e., TFlow = TInspiration), the TES parameter can be used to extend the
stimulation train beyond the end of ventilator inspiratory flow thereby extending it into the
expiration phase. This is physiologically similar to the post-inspiratory activity of the
diaphragm which is observed during some breathing patterns in humans.
This is illustrated in Figure 4-9, where the stimulation train is programmed to
precede the onset of ventilator inspiratory flow by duration TMCT.

TES has been

concurrently set to be greater than TMCT. The Stimulation train is therefore extended
beyond the end of ventilator inspiratory flow and into the expiration phase of the
ventilator.
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Figure 4-9.

Illustration of a Stimulation Train extended beyond the end of
ventilator inspiratory flow and into expiration (no Inspiratory Pause;
TMCT = 100 msec; TES = 400 msec)
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When the ventilator inspiratory flow waveform does have an Inspiratory Pause
(i.e., Tinspiration = TFlow + TPause), the TES parameter can be used to extend the
stimulation train beyond the end of ventilator inspiratory flow and into the actual
Inspiratory Pause Period. This would mean that the diaphragm continues to contract
and develop force while the lungs are held at a constant lung volume during the pause
period. This is illustrated in Figure 4-10.
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Figure 4-10. Illustration of a Stimulation Train extended beyond the end of
ventilator inspiratory flow and into the inspiratory pause period (with
Inspiratory Pause; TMCT = 100 msec; TES = 400 msec)
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4.1.7.

Variability in Paced Breaths: Skips and Sighs
Although Diaphragm Pacing in-synchrony with Mechanical Ventilation may be

desirable during 24 hours a day, factors such as diaphragm fatigue and fiber plasticity in
response to electrical stimulation may restrict continuous use. Therefore the algorithm
allows for a certain number of ventilator breaths to be skipped without pacing the
diaphragm. In other words, the rate of diaphragm pacing may be set lower than the
breath rate set on the ventilator. The clinician can now decide on an optimal rate of
diaphragm pacing to provide a trade-off between the benefits and limitations of chronic
diaphragm pacing. Setting a value for Skipped Breaths means that after every paced
breath, the set number of breaths will be skipped. For e.g. on setting the number of
skipped breaths to three (3), the sequence of breaths will be such that only 1 out of
every 4 ventilator breaths is paced in-synchrony with the ventilator.
(MV+Pacing) (MV-Only) (MV-Only) (MV-Only) (MV+Pacing)
Another feature that might be of interest during in-sync operation is the provision
of Sighs, deeps breaths meant to generate a stronger contraction of the diaphragm and
to move a larger than normal tidal volume. Generating a stronger contraction requires
increasing the intensity of pacing thereby recruiting a larger pool of motoneurons. This
might be useful in activating a previously unused group of motoneurons and maintaining
their ability to contribute to force production when required. Similar to skipped breaths,
the operator can set values to determine the frequency of occurrence for sigh breaths.
For example setting the frequency of occurrence of sigh breaths is set to four (4), a sigh
breath will be delivered after three (3) regular breaths of normal intensity. The operator
can also set the intensity of a sigh breath in comparison to the intensity of a regular
breath. For example, sigh intensity can be set as 1.5 times the regular intensity.

4.1.8.

Synchrony Checks
Synchrony Checks are meant to ensure synchrony of diaphragm pacing with

each ventilator breath. As illustrated in Figure 3-3, ventilator settings that affect the
timing and phase durations of a volume controlled ventilator breath are Breath Rate,
Inspiratory Phase duration, and Expiratory Phase Duration. Breath rate is generally
adjusted directly using a ventilator knob or indirectly by setting the Inspiratory and
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Expiratory phase durations. When breath rate is set directly, Inspiratory and Expiratory
phase durations are programmable as an Inspiratory-Expiratory ratio (I:E Ratio) or as an
Inspiration %. When Inspiration phase duration is set as Inspiration % or directly in
seconds, the remaining time in the total breath duration (i.e., 60/ Breath Rate), is the
Expiratory phase duration.
It is therefore evident that a change in any of the above ventilator settings will
affect estimations made by the breath detection and stimulation algorithms (please see
4.1.4 and 4.1.5) and in-turn the proper synchrony of diaphragm pacing with ventilator
breaths will be compromised. Hence it is necessary to check for any changes in the
timing of ventilator breaths, skip diaphragm pacing for one or more breaths if a change is
detected and re-start stimulation once a steady state is reached.
The algorithm checks for two conditions: a change in timing of breaths (i.e.,
Breath Rate) and a change in phase durations (i.e., Inspiratory and Expiratory phase
Durations). In order for these synchrony checks to be done the TFlow value of current
breath and last 2 breaths are stored, so that comparisons made to confirm steady state
operation of the ventilator. TFlow is used as the indicator of steady state for both the
conditions mentioned above since changing the Breath Rate will automatically affect the
TFlow duration as illustrated in the influence diagram (Figure 3-3) and also since TFlow
is dictates the duration of a stimulation train.

Change in Breath Rate
The Breath Rate set on the ventilator can be either increased or decreased by an
operator. Depending on the relationship between Breath Rate and Inspiratory/Expiratory
Phase Durations, an accompanying change in the Inspiratory Flow duration may also
happen. Below are illustrations of increase and decrease in breath rate with
corresponding changes in the inspiratory flow duration.
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Figure 4-11.

Illustration of an Increase in Breath Rate
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During an increase in Breath Rate (Figure 4-11), the AC InsPhTh crossing is
encountered before the Stimulation Wait Time (TSW) ends, signalling an increase in
ventilator Breath Rate. When this event occurs, stimulation is suspended temporarily
until a steady state of this new condition is reached. Only the Breath detection algorithm
continues to operate and in addition comparing the TFlow durations of the following
breaths. When at least three (3) consecutive breaths of the same TFlow duration are
encountered, the stimulation algorithm resumes function and in-sync stimulation is
restored.
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Figure 4-12.

Illustration of a decrease in Breath Rate
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During a decrease in Breath Rate (Figure 4-12), the AC InsPhTh crossing is
encountered only after a duration longer than the set Tmct duration. If the breath rate
had remained the same, AC InsPhTh crossing would have been encountered after a
time equal to the set TMCT duration. Since the AC InsPhTh crossing occurs at a time
much longer than the Tmct, a reduction in breath rate is detected. When this event is
detected, stimulation is suspended temporarily until a steady state is reached. Only the
Breath detection algorithm continues to operate and in addition comparing the TFlow
durations of the following breaths. When at least three (3) consecutive breaths of the
same TFlow duration are encountered, the stimulation algorithm resumes function and
in-sync stimulation is restored.

Change in Inspiratory Duration
The Inspiratory Duration set on the ventilator can be either increased or
decreased by an operator. Depending on the relationship between Breath Rate and
Inspiratory/Expiratory Phase Durations, an accompanying change in the Breath Rate
may also happen. Below are illustrations of increase and decrease in Inspiratory
Duration without a corresponding change in Breath Rate.
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Figure 4-13.

Illustration of Increase in Inspiratory Duration
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When there is an increase in the TFlow duration of the current breath (Figure
4-13), the stimulation train ends sooner than the end of ventilator inspiration.

On

encountering the DC InsPhTh crossing of the Current Breath, the Breath Detection
algorithm calculates the TFlow duration of the Current Breath and compares it with the
TFlow duration of the Previous Breath. If the duration Current Breath TFlow duration is
greater than the Previous Breath TFlow duration by 20% or more, stimulation is
suspended for the Next Breath and until a steady state is reached. Again, steady state is
indicated by the detection of three (3) consecutive TFlow periods as mentioned before. If
the change in the TFlow durations is less than 20%, stimulation continues normally for
the next ventilator breath.
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Figure 4-14.

Illustration of Decrease in Inspiratory Duration
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When there is a decrease in the TFlow duration of the current breath (Figure
4-14), the stimulation train extends beyond the end of ventilator inspiration. On
encountering the DC InsPhTh crossing of the Current Breath, the Breath Detection
algorithm calculates the TFlow duration of the Current Breath and compares it with the
TFlow duration of the Previous Breath. If the Current Breath TFlow duration is smaller
than the Previous Breath TFlow duration by 20% or more, stimulation is suspended for
the Next Breath and until a steady state is reached. Again, steady state is indicated by
the detection of three (3) consecutive TFlow periods as mentioned before. If the change
in the TFlow durations is less than 20%, stimulation continues normally for the next
ventilator breath.
A flowchart summarizing all the features of In-Sync Mode described above is
shown in Figure 4-15.
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4.1.9.

Overall Description of In-Sync Mode Algorithm

Figure 4-15. Flow chart of In-Sync Mode Algorithm
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4.2. Verification of Control Algorithm in Bench Tests
Bench tests were designed to verify the control algorithm and all its associated
features in controlled laboratory conditions using only a ventilator, a stimulation system
running the control algorithm and data acquisition setup.

4.2.1.

Ventilator-Test Lung Set-Up
A Siemens Servo 900BTM ventilator was used in volume controlled mode to

deliver a set number of breaths, Inspiratory Duration and Minute Volume. A disposable
Airway Flow/Airway Pressure transducer was connected to the patient wye in the
ventilator breathing circuit. A size 8 cuffed Endotracheal Tube (SheridanTM) was
connected to the disposable transducer and a 1L Test Lung (West Care Medical Ltd,
Coquitlam, BC) through a piece of tubing, so as to simulate a patient’s airways and
lungs. The cuff on the endotracheal tube was inflated to seal the airways before the
ventilator was turned on.

4.2.2.

Stimulator Set-up
The Diaphragm Pacing System used during Bench tests and Animal tests was

developed in-house. It consisted of sensing circuitry for airway flow/airway pressure,
stimulation boards for generating programmed stimulation trains and a microcontroller
running the control algorithms described previously. The microcontroller was interfaced
for two-way communication with proprietary software running on a laptop PC on which
stimulation parameters can be programmed and sent to the microcontroller via a USBto-USB connection. The microcontroller also interfaced for two-way communication
(using RS-232) with the sensing circuitry which measured the Airway Flow/Airway
Pressure signals by means of pneumatic tubing connecting it to the disposable
transducer placed at the patient wye.
The stimulator was a multi-channel, multi-current stimulator and generated
current-controlled, pulse width modulated biphasic stimulation pulses, individually for the
left and right phrenic nerves. Stimulation parameters namely current amplitude, initial
pulse width and final pulse width (for pulse width modulation) could be set individually for
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the left and right stimulators by an operator. The stimulation pulse frequency could be
set in common to both left and right stimulators.
The pacing system was set-up in In-Sync Mode so as to synchronize with the
ventilator and generate stimulation trains when started.

Figure 4-16.

4.2.3.

Photograph of Bench Test Setup showing Test Lung (far left)
connected to the Mechanical Ventilator (top right) by breathing
circuit tubing.

Data Acquisition Set-Up
Since the pacing system generated current-controlled pulses, the stimulation

electrodes were connected to a resistor (2.2 KOhms) and the voltage across the resistor
was measured by a data acquisition system (NI USB 6211, National Instruments) to
represent the generated stimulation trains. In addition to the RS-232 interface with the
microcontroller, the sensing circuitry provided analog airway flow/airway pressure
signals which were also measured by the data acquisition system.
As the control algorithm was embedded on the microcontroller, in order to verify
them it was necessary to build a set of timing signals that indicate the various phases of
the breath detection and stimulation algorithms. These timing signals (described below)
were acquired simultaneously with the stimulation and airflow/airway pressure signals
and recorded for later analysis.
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All signals were sampled at a rate of 20 KHz and recorded to a PC using
LabVIEWTM 2009 (National Instruments).

Figure 4-17. Bench Test Set-up showing (top) Mechanical Ventilator, (from left to
right below) Diaphragm Pacing System Prototype, PC running
Stimulation Software and PC for Data Acquisition.

4.2.4.

Timing Signals
Timing signals were created to monitor, verify and debug the working of the

breath detection and stimulation algorithms. These timing signals are illustrated below in
Figure 4-18.
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Figure 4-18. Timing signals to verify In-Sync Mode Operation
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The top trace (red) in the diagram illustrates a typical airway flow signal during
two (2) ventilator breaths. The threshold crossings that demarcate ventilator Inspiration
phase from Expiration phase and the Trigger crossing are also shown.
The TInspiration signal was programmed to go high every time an Ascending
Inspiratory Threshold Crossing (AC InsPhTh) was found and go low every time a
Descending Expiratory Threshold Crossing (DC ExpPhTh) was found. The duration
between these transitions gives the calculated Inspiratory Phase Duration (TInspiration)
as per Equation 2.
The duration between two (2) low-to-high transitions in the TInspiration signal
gives the Total Breath Duration (TBreath) as per Equation 4.
The duration between a high-to-low transition and a low-to-high transition in the
TInspiration signal gives the Expiratory Phase Duration (TExpiration) as per Equation 5.
The TFlow signal was programmed to go high every time an Ascending
Inspiratory Threshold Crossing (AC InsPhTh) was found and go low every time a
Descending Inspiratory Threshold Crossing (DC InsPhTh) was found. The duration
between these transitions gives the calculated Inspiratory Flow Duration (TFlow) as per
Equation 1.
TPause is calculated as the duration between a high-to-low transition in TFlow
signal and a high-to-low transition in the Tinspiration signal of the same breath, as per
Equation 3.
The TSW signal was programmed to go high every time the stimulation wait timer
(TSW timer) was started and go low when the wait timer elapsed. The duration between
these transitions gives the Stimulation Wait Time (TSW), as per Equation 7.
The signal shown next to TSW is an illustration of a stimulation train with biphasic
pulses. The actual duration of the stimulation train is calculated from the next signal,
Stimulation Train duration (TStim).
The TStim signal was programmed to go high every time the first stimulation
pulse of a stimulation train is generated and go low after the last stimulation pulse
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(including its following period) of the same stimulation train is completed. The duration
between these transitions gives the Stimulation Train Duration (TStim) of the
corresponding stimulation train.
Muscle Contraction Time (TMCT) is the duration by which the Stimulation Train
precedes the Ventilator Inspiration Phase. If programmed by the operator, this TMCT is
calculated as the duration between the low-to-high transition points in the TStim and
TFlow signals acquired for the same breath.
Stimulation End Time (TES) is the duration by which the stimulation train can be
extended to coincide with or continue beyond the end of ventilator inspiratory flow. If
programmed by the operator, (TES - TMCT) is calculated as the duration between the highto-low transition points in the TFlow and TStim signals.

4.3. Animal Experiments
4.3.1.

Animal Care and Maintenance
Four animal experiments were carried out to verify the control algorithm and for

analysis of respiratory mechanics during diaphragm pacing. Approval for use of these
animals and experiment protocols was obtained from both the University of British
Columbia and Simon Fraser University Animal Care Committees. Pigs (Yorkshire
females, young adults) were the animal model of choice for these experiments because
of their similarity to humans in size and thoracic anatomy. The proximity of the phrenic
nerves to the thoracic veins and the feasibility of stimulating the nerves from within the
veins using low current amplitudes have been shown previously (Frisch, 2009; Hoffer et
al., 2010).
The animals were placed in supine position, sedated and ventilated in controlled
mode. In the first animal experiment, sedation was started with 4 to 6 mg/kg of Telazol
(intramuscular injection) and mask induction using 2 to 5% Isoflurane following
intubation. Intravenous Cefazolin (20 mg/kg) and Hydromorphone (0.15 mg/kg) were
used for pre-op treatment. Sedation was maintained using Isoflurane in oxygen/air
mixture. In the remaining experiments sedation was started with intramuscular Ketamine
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(20 to 25 mg/kg) and mask induction using 2.25% Isoflurane following intubation.
Intravenous Cefazolin (20 to 25 mg/kg) and intramuscular Buprenorphine (0.6 to 0.9 mg)
were used for pre-op treatment. The anesthesia plane was maintained with constant-rate
infusion of intravenous Midazolam (1 mg/kg/hr), intravenous Fentanyl (0.008 mg/kg/hr)
and intravenous Propofol (4.9 mg/kg/hr). The inspired oxygen concentration was
adjusted to maintain the arterial oxygen saturation greater than 80%. Positive EndExpiratory Pressure (PEEP) was not set, but a small PEEP (about 2 cmH2O) existed in
the breathing circuit due to the design of the breathing apparatus. The breath rate was
set at 10 BPM and the I:E ratio at 1:2. The tidal volume was determined individually for
each animal as 7 to 10 ml/kg and was adjusted to limit the peak airway pressure at or
below 20 cmH2O.

4.3.2.

Mechanical Ventilators and their Settings
Two different ventilators were used for controlled mechanical ventilation in the

animal experiments (Honeywell EMC during experiment#1 at the UBC Animal Care
Facility and Drager Narkomed in remaining experiments at the Jack Bell Research
Centre). Moving to a different research facility after experiment #1 mandated the use of
a different ventilator. Both facilities had their own standard equipment, so the
experiments had to be done using the available equipment. Despite the different
research facilities, both ventilators were Time Triggered, Volume Limited and Time
Cycled, typical of controlled mechanical ventilation and therefore suited our
requirements (refer Section 3.3.1). This means that the Breath Rate, Inspiratory Phase
Duration, Expiratory Phase Duration and Tidal Volume were all preset. However, there
were differences in the flow waveforms generated by the two ventilators.
The ventilator used in the first animal experiment provided a constant flow
(square) waveform, the constant flow rate being indirectly determined by the preset
Inspiratory duration and Tidal Volume settings (i.e., Flow Rate = Tidal Volume /
Inspiratory Duration). This means that the set tidal volume was delivered at the same
time as the end of the inspiratory phase. The ventilator used during the remaining
experiments provided a variable flow (descending) waveform and the peak flow rate
could be varied nominally (as Low, Medium or High) using a control knob. Since this
ventilator also had a preset Inspiratory Duration and Tidal Volume, setting a “High” Peak
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flow value resulted in the preset volume being delivered sooner than the set inspiratory
duration. This therefore introduced an inspiratory pause during the remaining portion of
the inspiratory phase (similar to as shown in Section 4.1.3). While using this ventilator,
we ensured that the nominal flow rate was adjusted enough to eliminate any inspiratory
pause and the set tidal volume was delivered at the same time as the end of the
inspiratory phase. This adjustment was necessary since the breath detection and
stimulation algorithms are based on the flow waveform and the stimulation trains are set
to synchronize with the ventilator inspiratory flow period by default.

4.3.3.

Diaphragm Pacing Settings
The diaphragm pacing system was able to program and modulate stimulation

pulse widths and stimulation frequencies. Modulation of stimulation pulse widths and
stimulation frequencies during diaphragm pacing are analogous to the concepts of motor
unit recruitment and rate coding, respectively in muscle physiology (for review see
Clamann, 1993). Before commencement of diaphragm pacing, the minimal and maximal
charges (Threshold and Supramaximal charges, respectively) required to recruit the
phrenic nerve in its entirety were identified for the left and right phrenic nerves
individually. This was achieved by stimulating each phrenic nerve with pulses at lowfrequency (typically 4 Hz or below) and sensing the EMG from the left and right halves of
the diaphragm muscle by either intramuscular (in experiment #1) or needle electrodes
(in the remaining experiments). The entire range of phrenic nerve recruitment was
confirmed by a characteristic sigmoid relationship between the delivered charge and the
peak-to-peak EMG amplitude, for each phrenic nerve. The stimulation current amplitude
was held constant and pulse widths were modulated to deliver the charges from 110% of
identified threshold to 130% of the identified supramaximal value, so as to gradually
recruit the entire phrenic nerve (see Appendix A). The determination of appropriate
recruitment pulse widths was carried out during each animal experiment, so the actual
charge values for complete recruitment of the nerve varied between experiments.
However, the objective criterion for selecting the charge values during all the
experiments was the same: to control the graded recruitment of each phrenic nerve from
no recruitment to complete recruitment.
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The stimulation frequency was modulated within an optimal range of 20 to 25 Hz
during experiments #2 to #4. This was to ensure that the stimulation produced a fused
contraction of the diaphragm and at the same time the onset muscle fatigue caused by
electrical stimulation was delayed. Only during experiment #1, the frequency reached a
maximum of 40 Hz.

4.3.4.

Analysis of Respiratory Mechanics
Respiratory mechanics was analyzed using the signals acquired during each of

the four animal experiments. The signals were acquired during conditions of mechanical
ventilation only (MV Only), diaphragm pacing only (Pacing Only) and pacing in-sync
with the mechanical ventilation (MV + Pacing), and analysis of respiratory mechanics
during these conditions was carried out offline. This analysis involved the calculation of
Work of Breathing (WOB).

Mechanics of the Relaxed Respiratory System
Respiratory mechanics parameters namely resistance of the entire respiratory
system (RRS), Compliance of the entire respiratory system (CRS), Compliance of the
Chest Wall (Ccw) and Compliance of the Lungs (CL) were calculated using Least Square
Fit (LSF) method based on the equation of motion of the relaxed respiratory system (Iotti
et al, 1999). The equation of motion for the entire relaxed respiratory system is
mathematically expressed as follows (similar to the equation in Figure 3-2):
Paw(t) = (Flow(t) * RRS) + (Vol(t) / CRS) + PEEPtot
Equation 9
Where Paw(t), Flow(t) and Vol(t) represent instantaneous Airway Pressure, Flow
and Volume respectively. PEEPtot represents the total positive end-expiratory pressure
PEEP (i.e., set PEEP + Intrinsic PEEP). When at least three sets of simultaneous data
for Paw(t), Flow(t) and Vol(t), the above equation can be solved for the three unknowns
namely RRS, CRS, and PEEPtot (Iotti et al., 1999). The signals were sampled at a high
sampling rate during the experiments and therefore a large number of equations were
solved and the three constants were measured precisely.
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The equation of motion for the entire respiratory system (Equation 9) can be
modified and applied to its individual components namely the lungs and the chest wall
(Iotti et al., 1999). The equation of motion for the relaxed chest wall is expressed as:
Pes(t) = (Flow(t) * RCW) + (Vol(t) / CCW) + K
Equation 10
Esophageal Pressure (Pes) signal is used instead of Paw, since it represents the
pressure inflating the passive chest wall during relaxed conditions. The constants
therefore represent chest wall resistance (RCW) and chest wall compliance (CCW) (Iotti et
al., 1999).
The equation of motion of the lungs is given by,
Paw(t) - Pes(t) = (Flow(t) * RL) + (Vol(t) / CL) + K
Equation 11
Transpulmonary pressure (Paw – Pes) is used instead of Paw since it represents
the pressure inflating the lungs. The constants therefore represent lung resistance (RL)
and lung compliance (CL) (Iotti et al., 1999).
The above equations of motion are true only for a completely relaxed subject
where the mechanical ventilator does all the work of breathing. Hence, only the
respiratory cycles acquired during MV-Only conditions were analyzed. The entire
respiratory cycle (i.e., both Inspiration and Expiration phases) was used for analysis.

Work of Breathing (WOB) during In-Sync Pacing
Work of Breathing of the Diaphragm during MV+Pacing scenario was calculated
using the method described by Marini et al. (1985), Ward et al.(1988), and Sassoon et al
(1988). These papers originally described this method for the calculation of the patient
WOB during Assisted Mechanical Ventilation, a mode of ventilation where the patient
triggers the ventilator. During the inspiratory phase that follows patient triggering, the
ventilator delivers a preset amount of tidal volume independent of the spontaneous
patient effort which might continue throughout the inspiratory phase of the ventilator.
(see also Section 3.3.3).
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Rationale for the method to calculate WOB during In-Sync Pacing:
According to the Equation of Motion for the Respiratory System (also see Figure 3-2),
Prs = Pvent + Pmus = (Elastance * Volume) + (Resistance * Flow)
Equation 12
Where, Prs is the total pressure required to inflate the respiratory system (lungs
and chest wall), Pvent is the pressure developed by the ventilator, and Pmus is the
pressure developed by the inspiratory muscles.
If the inspiratory muscles are completely relaxed, the ventilator must develop all
of the pressure required to overcome the elastic, flow-resistive and inertial properties of
the lungs and chest wall in order to inflate the respiratory system (i.e., Prs = Pvent). This
is the pressure difference across the respiratory system, Pvent and it is easily measured
as the pressure at the airway opening (Paw), usually an endotracheal tube, relative to
the pressure at the body surface, which is usually atmospheric. If the inspiratory muscle
contraction supplies all the pressure required to inflate the respiratory system, Pvent = 0
(i.e., Prs = Pmus). If Pvent becomes negative, the mechanical ventilator is hindering the
muscles during inflation of the lung (Ward et al, 1988).
If one can measure Pvent during relaxation to obtain Prs, then Pmus during
muscular contraction (in this case, the diaphragm) can be quantified as Prs – Pvent. This
is true to the extent that the breath rate, tidal volume, inspiratory flow, and chest wall
shape are similar during the relaxed (MV-Only) and un-relaxed (MV+Pacing) inflation
and provided that the mechanical properties of the respiratory system remain unchanged
(Ward et al., 1988).
Calculation of Work of Breathing: Inspiratory Work of Breathing is defined as
the product of pressure developed and the volume moved during the inspiratory phase
or in other words, the area subtended between the Pressure-Volume loop (the P-V
Loop) and the ordinate during inspiration. The area is measured with respect to the endexpiratory airway pressure and volume. When calculating the Ventilator Inspiratory WOB
(WOBinsp,vent), the pressure of interest is the Airway Pressure (Paw) and the volume
is the inspired Tidal volume. In mathematical terms,
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WOBinsp,vent =

∫(Paw – PEEP) * Flow. dt (in cmH O.Liter units)
2

Equation 13
Where Inspiratory flow start ≤ Time ≤ Inspiratory flow end; and Paw > PEEP;
WOB is normally expressed in Joules. 1 Joule is the energy needed to move 1
Litre of gas through a 10.2 cmH2O pressure gradient. The work calculated in Equation
13 in cmH2O.L units was therefore multiplied by 0.098, to express it in Joules (Respir.
Care, 1997). Dividing this work per inspiration by the inspired tidal volume (expressed in
Liters) gives the work per liter of ventilation (J/L) (Cabello et al, 2006). Normalizing the
work done to the tidal volume moved allows the comparison of the inspiratory work done
to move different tidal volumes during different experiments.
Once the disposable flow sensor was connected to the Y-piece of the ventilator
breathing circuit, the In-Sync Mode was started to pace the diaphragm in synchrony with
the mechanical ventilator inspiration phase. At least three MV-Only breaths were
skipped after each MV+Paced breath (refer Section 4.1.7). This allowed for the
comparison of respiratory mechanics of adjacent MV-Only breaths and MV+Paced
breaths and calculation of the corresponding WOBinsp,vent at the same levels of breath
rate, tidal volume, inspiratory flow and at similar levels of respiratory system compliance
and resistance.
The inspiratory work done by the diaphragm (WOBinsp,dia in J/L) during InSync Mode was calculated by subtracting the WOBinsp,vent calculated during the
MV+Paced breaths from the WOBinsp,vent calculated during MV-Only breaths. In other
words, diaphragmatic work was calculated as the difference in ventilator inspiratory
WOB during conditions of MV+Pacing (diaphragm active) and conditions of MV-Only
(relaxed), when other parameters are maintained constant. Mathematically,
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WOBinsp,dia = (WOBinsp,vent during MV+Pacing) – (WOBinsp,vent during MV-Only)
Equation 14

Figure 4-19. Proposed method for estimation of inspiratory muscle work (in this
thesis, represents the diaphragmatic work during phrenic nerve
pacing)
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Steps for WOB calculation during In-Sync Pacing:
1. Identification of the breath cycle: Identify and delineate each breath
cycle into Inspiration and Expiration using points of flow reversal (i.e.,
zero crossings) in the Airway Flow-Time waveform.
2. Draw vertical lines from these points to all plots below to indicate
cycle start, cycle end and the transition from Inspiration to Expiration.
3. Identify the Paw value where the vertical line drawn from point of
cycle start meets the Paw trace. The corresponding pressure is the
baseline Paw and represents Positive End-Expiratory Pressure set on
the ventilator, PEEPe.
4. Whenever Paw > baseline Paw  Positive work is done by the
ventilator promoting inspiration and reducing diaphragmatic workload.
Whenever Paw < baseline Paw  Negative work is done by the
ventilator opposing inspiration and adding up to the diaphragmatic
workload. Whenever Paw = baseline Paw  Ventilator is neutral.
5. Calculate the area enclosed between the leftward deflection of the
curve and the Paw baseline. This corresponds to the Negative
Inspiratory Ventilator Work,”-ve WOBinsp,vent”.
6. Calculate the area enclosed between the rightward deflection of the
curve (from reversal until end of inspiration) and the Paw baseline.
This corresponds to the Positive Inspiratory Ventilator Work “+ve
WOBinsp,vent”.
8. Add above 2 terms to give the total WOBvent (algebraic sum). This
reflects the net action of the ventilator in promoting inspiration.
9. Calculate the average WOBinsp,vent for at least two MV-Only breaths
preceding a MV+Pacing breath.
10. Calculate the work done by the diaphragm during MV+Pacing
(WOBinsp,dia), by subtracting the area under the inspiratory portion
of the P-V Loop recorded during a MV+Pacing breath from the
average WOBinsp,vent obtained during at least two preceding MVOnly breaths.
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Work of Breathing during Pacing Only
The objective of this study was to pace the diaphragm in the absence of
Mechanical Ventilator operation, with the same stimulation parameters used during
“MV+Pacing” and with stimulation train duration of 1 second, so as to analyze and
compare the resulting diaphragmatic WOB between experiments. During this procedure,
the mechanical ventilator was temporarily switched off, while the breathing gas was
available from a 5 L reservoir bag. The rest of the breathing apparatus remained intact,
including the endotracheal tube.
The “Pacing Only” scenario means that the entire WOB to move the lungs and
the chest wall has to done by the diaphragm alone and might be considered analogous
to spontaneous breathing, except for two major differences: The diaphragm was
contracting in isolation, since the other inspiratory muscles (such as Inspiratory
intercostals) are inactive under sedation. The diaphragm was also contracting against an
imposed load (imposed by the impedance of the breathing circuit and the small diameter
endotracheal tube), in addition to the physiological load of the lungs and the chest wall.
The method of measuring the diaphragmatic WOB during the “Pacing Only”
scenario was different from that used during “MV+Pacing” measurements, since the
latter is an indirect method of measuring inspiratory muscle work, necessitated by the
conditions of measurement itself. That is, during “MV+Pacing”, the WOB in moving a
preset tidal volume is shared between the ventilator and the diaphragm, making it
difficult to directly measure how much the diaphragm contributed towards the total WOB.
However, in the “Pacing Only” scenario, the entire WOB is borne by the paced
diaphragm and standard methods of measuring the WOB in spontaneously breathing
patients might be applied to the measurement of diaphragmatic WOB. The standard
method (Agostini et al, 1970) of measuring WOB uses the “Campbell Diagram” (see
Figure 4-20) and measures the WOB as the area enclosed by the Pressure-Volume loop
and the ordinate during the inspiratory phase. The volume being measured is the
inspired Tidal Volume, but the pressure that is being measured is the Esophageal
Pressure (Pes), as opposed to the Airway Pressure (Paw) used to measure
WOBinsp,vent during the “MV+Pacing” condition.
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Figure 4-20. Campbell diagram for measurement of inspiratory WOB
Esophageal Pressure (Pes) is a surrogate of Pleural Pressure (Ppl) as changes
of Pes in time accurately reflect the changes of Ppl in time and therefore the Pes signal
provides information about the pressure changes in the space between the lungs and
chest wall. The pressure changes in this location depend on the elastic and resistive
load of the chest wall, as well as on the action of the respiratory muscles, while they are
not directly affected by the mechanical characteristics of the lungs. Measurement of Pes
allows the study of chest wall respiratory mechanics in the passive patient and the study
of the global respiratory muscle activity in the active patient (Iotti et al. 1999).
Extending the above concept of using Pes signal to study the global respiratory
muscle activity in active patients, the work done by the diaphragm during “Pacing Only”
scenario might be calculated, since during this scenario, the only respiratory muscle that
is actively contracting is the diaphragm. Therefore, a Campbell diagram was built using
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the measured Pes and inspired tidal volume signals to calculate the diaphragmatic
inspiratory WOB. The total work done by the diaphragm (Net WOBinsp,dia) is the sum of
the work done to inflate the lungs (WOBinsp,Lungs) and the work done to displace the
passive chest wall (WOBinsp,CW). The work done to inflate the lungs is the active work
represented by the change in Pes below baseline Pes (PEEPes) during diaphragm
contraction. The work done to displace the passive chest wall is estimated by the area
enclosed by the static chest wall compliance (Ccw) line and the baseline esophageal
pressure. Chest Wall compliance estimated from the passive Pes signal during
mechanical ventilation of the relaxed respiratory system is used to calculate the change
in pressure corresponding to the volume change produced by diaphragm contraction.
The Pes signal was measured using the standard balloon catheter technique
(Milic-Emili et al., 1964). A custom-made tri-balloon probe was built by one of the lab
team members for each of the experiments. The tri-balloon probe consisted of two
commercially available esophageal balloon catheters (AL-47-9005-R0, Cooper Surgical,
CT, USA), a nasogastric feeding tube (8888264896, Tyco Healthcare Group LP, MA,
USA) and a custom-made latex balloon (Sandoval R, 2013). The probe was inserted
such that one balloon was within the esophagus and the other was within the stomach.
The pressure sensing balloons were filled with a small volume of air (0.5 to 1 ml,
ATS/ERS 2002) and connected to separate differential pressure transducers (PX139005D4V, Omega Engineering, CT, USA) to obtain an analog output that was acquired by
a data acquisition system. The custom-made latex balloon located between the two
sensing balloons (see Appendix B) acted as a fixating balloon to fix the probe at the
lower esophageal-gastric junction and thereby preventing its movement. A “dynamic
occlusion” test (Baydur et al., 1984) to validate the location of the balloon was not done
using phrenic stimulation since the probe was built to ensure optimal positioning of the
sensing balloon within the esophagus.
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Steps to calculate WOB during Pacing Only scenario:
1. Estimate the Static chest wall compliance (Ccw) using the LeastSquare Fit method and the Equation of Motion for the passive chest
wall.
2. Place the Ccw line at the end-expiratory Pes value.
3. Calculate the change in Pes elicited by diaphragm pacing, as
(PEEPes – Pes), and plot this value against the volume measured at
the same instant.
4. Integrate the product of Pes and volume with respect to time to get
the work of breathing done to inflate the lungs (WOBinsp,Lungs).
5. Calculate the area enclosed by the static chest wall compliance line
and the Pes baseline using the approximation:
WOBinsp,cw = (TV*TV) / (2* Ccw).
6. Add the two WOB components to get the total inspiratory WOB done
by the diaphragm during Pacing Only condition.
7. Convert WOB units from cmH2O.L to J/L.
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5.

Results

5.1. Verification of Control Algorithm in Bench Tests
The following figures show the results of bench tests done to verify the proper
working of the breath detection and stimulation algorithms described in Methods
(Section 4.1). Since this is only a bench test, the stimulation trains shown on the figures
do not cause any changes to the Airway Flow, Airway Pressure or Volume waveforms
produced by the ventilator. The intention of the tests is to demonstrate that the timing
and durations of the stimulation trains are as expected of the described algorithms.
Stimulation and ventilator parameters during Bench Tests: Stimulation
current used during these tests was 1 mA. Across the 2.2 KOhm resistor, the amplitude
of the stimulation pulses was 2.2 V (1mA * 2.2 KOhm). For purpose of illustration, the
amplitude of stimulation pulses in all following figures was amplified 10 times after data
acquisition.

5.1.1.

Phasing of Stimulation with respect to Ventilator Inspiration
Verification of TMCT > TES: To verify if Stimulation train precedes the ventilator

inspiration by a programmed value TMCT, TMCT was set = 50 msec; TES was set = 0. The
stimulation train is expected to precede the beginning of ventilator inspiration and is
expected to end before the end of ventilator inspiratory flow (Figure 5-1 and Figure 5-2).
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Figure 5-1.

Initial synchronizing period followed by In-sync pacing during each
breath (TMCT = 50 msec, TES = 0 msec)

Figure 5-2.

Stimulation precedes ventilator inspiration by TMCT duration, as
expected
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Verification of TMCT = TES: To verify if stimulation train ends at the same time as
ventilator inspiration, the TES parameter was set = 100 msec, in addition to setting TMCT =
100 msec. The stimulation train is expected to precede the start of ventilator inspiration
and to end at the same time as the end of ventilator inspiration (Figure 5-3 and Figure
5-4).

Figure 5-3.

Initial synchronizing period followed by In-Sync pacing during each
breath (TMCT = 100 msec, TES = 100 msec)
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Figure 5-4.

Stimulation precedes start of ventilator Inspiration and ends the
same time as ventilator Inspiration, as expected

Verification of TMCT < TES: To verify if stimulation train extends beyond ventilator
inspiration, TES was set = 400 msec, in addition to setting TMCT = 100 msec. The
stimulation train is expected to precede the start of ventilator inspiration and is expected
to end after the end of ventilator inspiration (i.e., extend into expiration). This is shown in
Figure 5-5 and Figure 5-6.
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Figure 5-5.

Initial synchronizing period followed by In-Sync pacing during each
breath (TMCT = 100 msec, TES = 400 msec)

Figure 5-6.

Stimulation precedes ventilator Inspiration start and extends into
ventilator Expiration, as expected
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5.1.2.

Variability in Paced Breaths: Skips and Sighs
Verification of Skipped Breaths: To verify if Skipped Breaths are working as

programmed, Number of Skipped Breaths was set = 3; Three ventilator breaths are
expected to be skipped without pacing for every ventilator breath paced (Figure 5-7 and
Figure 5-8).

Figure 5-7.

Set number of Ventilator breaths skipped following each paced
breath, as expected
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Figure 5-8.

Skipped breaths scenario shown at a smaller time scale to illustrate
consistency of pacing synchrony

Verification of Sigh Breaths: To verify if Sigh breaths are working as
programmed, frequency of Sighs was set = 5 and intensity of Sighs was set = 1.5 times
the intensity of normal paced breaths; Counting ventilator breaths that are paced, we
expect every 5th breath to be a sigh breath, with an intensity 1.5 times the normal pacing
intensity (Figure 5-9 and Figure 5-10).
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Figure 5-9.

Every 5th breath that is paced is a Sigh breath, as expected

Figure 5-10. Intensity of a Sigh breath is higher than normal pacing intensity, as
expected
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5.1.3.

Synchrony Checks
Verification of response to Increase in Breath Rate: To verify if the algorithm

works as expected in response to an increase in ventilator Breath Rate, Breath Rate was
set equal = 12.5 BPM; While In-Sync pacing was in progress, Breath Rate was
increased to 17.5 BPM. Breaths are expected to be skipped without stimulation until
TFlow becomes consistent (see 4.1.8 Increase in Breath Rate). Results are shown in
Figure 5-11 and Figure 5-12.

Figure 5-11.

Increase in Breath Rate suspends stimulation, as expected
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Figure 5-12. Stimulation resumes after consistent TFlow is detected, as expected
Verification of response to Decrease in Breath Rate: To verify if the algorithm
works as expected in response to a decrease in ventilator Breath Rate, Breath Rate was
set = 17.5 BPM. While In-Sync pacing was in progress, Breath Rate was reduced to
12.5 BPM. Breaths are expected to be skipped without stimulation until TFlow becomes
consistent (see 4.1.8 Decrease in Breath Rate). Results are shown in (Figure 5-13 and
Figure 5-14).
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Figure 5-13.

Decrease in Breath Rate suspends stimulation, as expected

Figure 5-14. Stimulation resumes after TFlow becomes consistent, as expected
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Verification of response to Increase in TFlow duration: To verify if the
algorithm works as expected in response to an increase in ventilator Inspiratory
Duration, Inspiratory duration was set = 20% of Total Breath Duration (i.e., 60/Breath
Rate). Breath Rate was set as 12.5 BPM and was not changed during the test. While InSync pacing was in progress, the Inspiratory Duration was increased to 25% of Total
Breath Duration. Stimulation is expected to be skipped and should resume only after
TFlow becomes consistent (Figure 5-15 and Figure 5-16).

Figure 5-15. Increase in Inspiratory Duration suspends stimulation, as expected
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Figure 5-16. Stimulation ends sooner in Breath #2 and suspends further
stimulation. Stimulation resumes after TFlow becomes consistent,
as expected
Verification of response to decrease in TFlow duration: To verify if the
algorithm works as expected in response to a decrease in ventilator Inspiratory Duration,
Inspiratory duration was set = 25% of Total breath duration; Breath Rate was maintained
constant at 12.5 BPM. While In-Sync pacing was in progress, Inspiratory Duration was
decreased to 20% of Total Breath duration. Stimulation is expected to be suspended
and resume only when TFlow becomes consistent (Figure 5-17 and Figure 5-18).
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Figure 5-17.

Decrease in Inspiratory Duration suspends stimulation, as expected

Figure 5-18. Stimulation extends beyond end of ventilator inspiration,
suspending further stimulation. Stimulation resumes when TFlow
becomes consistent, as expected
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5.2. Analysis of Respiratory Mechanics
5.2.1.

Mechanics of the Relaxed Respiratory System
The total resistance and total compliance of the respiratory system and the

individual compliances of the lungs and chest wall for all animals were measured using
the least square fit method described in section 4.3.4 and are tabulated below.

Animal
Weight
Sex
#
(kg)
1
2
3
4

F
F
F
F

Table 5-1.

56.5
54.0
61.2
71.4

TV

RRS*

(L)

(cmH2O/L/sec)

0.755
0.817
0.820
0.968

6.67 ±
5.68 ±
4.51 ±
5.10 ±

0.14
0.14
0.12
0.08

Dynamic Compliance*
(mL/cmH2O)
Thorax
Lungs
Chest Wall
(CRS)
(CL)
(CCW)
40.0 ± 0.1 51.1 ± 0.3 185.2 ± 1.9
50.2 ± 0.7 83.6 ± 1.3 125.6 ± 3.0
52.6 ± 1.5 63.8 ± 1.9 301.3 ± 10.8
52.7 ± 0.8 87.8 ± 3.3 132.3 ± 4.2

Physical Characteristics and Mechanics data of experimental
animals (*supine position)

All measurements of mechanics parameters were made from Flow, Airway
Pressure and Esophageal pressure signals obtained during MV-Only conditions (relaxed
respiratory system).

5.2.2.

Reduction in Peak Airway Pressure during In-Sync Pacing
As stated in the Methods (Section 4.3.2), two different ventilators were used

during the animal studies. In animal experiment #1, a constant flow ventilator without a
preset inspiratory pause was used (i.e., TFlow = Tinspiration). When the diaphragm was
paced in-synchrony with the inspiration phase of this ventilator, the inspiratory flow
increased slightly during the onset of diaphragm contraction, but was controlled at the
constant level by the ventilator during the remaining part of the inspiration.
In animal experiments #2, #3 and #4, a variable flow ventilator was used. Prior to
initiation of In-Sync pacing, the peak flow rate on the ventilator was adjusted to a
nominal value that ensured the end of ventilator inspiratory flow coincided with the end
of ventilator inspiration phase (i.e., TFlow = TInspiration) and no preset Inspiratory pause
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was present. During the operation of MV-Only, the inspiratory flow reached the peak flow
value at the onset of inspiration, then decreased linearly and reached the zero flow
baseline at the end of the inspiration phase.

However, during In-Sync pacing, the

inspiratory flow rate was modulated by diaphragm contraction.

The synchronous

contraction of the diaphragm increased the inspiratory flow rate during the inspiration
phase and the preset tidal volume was delivered well before the end of the preset
inspiratory duration.

As the ventilator was also volume limited, no more gas was

available during the remaining portion of the Inspiratory Phase and an Inspiratory pause
was introduced during the MV+Pacing cycles (i.e., Tinspiration = TFlow + TPause). The
TFlow and TPause durations during these animal experiments are summarized in Table
5-2.

Animal #

MV-Only Insp.
Flow Duration
TFlow (sec)

MV+P Insp. Flow
Duration TFlow
(sec)

MV+P Insp. Pause
Duration TPause
(sec)

% Reduction in
TFlow

1

1.69 ± 0.01

1.69 ± 0.01

0.00 ± 0.00

0.0

2

1.75 ± 0.03

1.32 ± 0.03

0.46 ± 0.02

24.6

3

1.92 ± 0.02

1.5 ± 0.07

0.43 ± 0.04

21.8

4

1.84 ± 0.01

1.43 ± 0.02

0.41 ± 0.02

22.3

Table 5-2.

Inspiratory Flow Durations (TFlow) during MV only and MV+P
conditions for all animal experiments (values are Mean ± SD)
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Animal Experiment #1: For analysis of respiratory mechanics in experiment #1,
TMCT was set = 50 msec and TES = 0 msec. Figure 5-19 shows the stimulation trains
being generated In-Sync with the ventilator inspiratory flow and other traces of interest.
The most observable difference between MV-Only breaths and MV+Pacing breaths was
a reduction in peak airway pressure (Peak Paw) during the MV+Pacing breaths, to
deliver the same preset tidal volume.

Figure 5-19. Traces showing Diaphragm Pacing Trains generated In-Sync with
the Inspiration Phase of the Mechanical Ventilator (Experiment #1).
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As can be seen from Figure 5-20, the onset of stimulation train 50 msec prior to
the onset of ventilator inspiratory flow causes a drop in airway pressure (Paw) below its
baseline value, indicating the onset of diaphragmatic contraction. Also can be seen is
the last pulse of the stimulation train being delivered before the end of inspiratory flow
(i.e., the stimulation train was shifted ahead of the ventilator inspiration phase by the
TMCT parameter).

Figure 5-20. Synchrony of Stimulation with Inspiratory Flow Duration (constant
flow ventilator; no inspiratory pause) Experiment #1
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Animal Experiments #2, #3 and #4: For analysis of respiratory mechanics in
experiments #2, #3 and #4, TMCT was set = 50 msec and TES = 0 msec. Figure 5-21
shows the stimulation trains generated and other traces of interest.

Figure 5-21. Traces showing Diaphragm Pacing Trains generated during the
Ventilator Inspiration Phase of the Variable flow ventilator
(Experiment #2)
As can be seen from Figure 5-22, the onset of stimulation train 50 msec prior to
the onset of ventilator inspiratory flow caused a drop in airway pressure (Paw) below its
baseline value, indicating the onset of diaphragmatic contraction. Also can be seen is
the last pulse of the stimulation train ending sooner than the Inspiration Phase of the
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ventilator. As explained earlier, the in-sync contraction of the diaphragm increased the
inspiratory flow during inspiration and introduced an inspiratory pause during the
inspiration phase. This means that, in animal experiment #2, the ventilator had not yet
cycled from inspiration to expiration, but the diaphragm had already relaxed.
The net pressure inflating the respiratory system during In-Sync pacing is the
resultant of positive pressure developed by the ventilator and the negative pressure
developed by diaphragm pacing. Premature ending of the stimulation train relaxed the
diaphragm while the ventilator was still in its inspiration phase. Since the ventilator was
designed to maintain a positive airway pressure throughout the inspiration phase, the net
pressure during this inspiratory pause became more positive in the absence of
diaphragm contraction. This was observed as the transient peak in the airway pressure
at the end of ventilator inspiration.

Figure 5-22. Stimulation Train preceding the onset of ventilator inspiratory flow
and ending prior to the end of ventilator inspiration of the variable
flow ventilator (Experiment #2).
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A transient peak in airway pressure as observed above is not desirable in the
context of optimal mechanics of the lungs, and we wanted to maintain the reduction in
peak airway pressure throughout the inspiration phase of the ventilator during In-Sync
pacing. In order to accomplish this, the stimulation train was extended beyond the
Inspiratory Flow Duration by setting the TES parameter = 400 msec (based on TPause
values from Table 5-2), so as to stimulate the diaphragm for the entire duration of the
ventilator inspiration phase (Please also refer Figure 4-10 in Methods for the relevant
illustration and description). These values of TMCT and TES (TMCT = 50 msec and TES =
400 msec) were used during the subsequent analysis of respiratory mechanics, in all
animal experiments where the variable flow ventilator was used. A representative plot of
the stimulation train extended until the end of ventilator inspiration to maintain peak Paw
at the reduced value is shown in Figure 5-23.

Figure 5-23. Stimulation Extending throughout Inspiration and maintaining
Airway Pressure at a Plateau value (Experiment #2)
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The reduction in Peak Airway Pressure on using TMCT = 50 msec and TES = 400
msec in experiments #2, #3, and #4 are illustrated in Figure 5-24, Figure 5-25 and
Figure 5-26 respectively.

Figure 5-24. Traces showing extension of Stimulation Train until end of Ventilator
Inspiration Phase and reduction in Peak Paw (Experiment #2)
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Figure 5-25. Reduction in Peak Airway Pressure (Experiment #3)
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Figure 5-26. Reduction in Peak Airway Pressure (Experiment #4)

92

The following table summarizes the reduction in Peak Paw during all
experiments.

Animal #

MV-Only Peak Airway MV+P Peak Airway
% Reduction in
Pressure, Peak Paw Pressure, Peak Paw
Peak Paw
(cmH2O)
(cmH2O)

1

21.1 ± 0.1

10.4 ± 0.3

50.7

2

16.5 ± 0.2

10.8 ± 0.4

34.5

3

18.5 ± 0.2

11.6 ± 0.8

37.3

4

19.6 ± 0.1

14.6 ± 0.4

25.5

Table 5-3.

Reduction in Peak Paw during In-Sync pacing for all animal
experiments

Triggering of Synchrony Check: As can be seen in Figure 5-24, Figure 5-25,
and Figure 5-26, diaphragm contraction in-sync with the ventilator inspiration triggered
the synchrony check associated with a reduction in Inspiratory Flow Duration, TFlow
(see Figure 4-14 in Methods for the illustration and relevant description; see Figure 5-17
and, Figure 5-18 for bench test results of this synchrony check). This was to be expected
because in-sync pacing increased the inspiratory flow and shortened the inspiratory flow
duration, TFlow by more than 20% (see Table 5-2). Once triggered, this synchrony
check suspended further stimulation until at least three breaths with identical TFlow
durations were encountered. This resulted in three breaths being skipped after every
MV+Pacing breath. This, however did not hinder our measurements of respiratory
mechanics because we had originally intended to program the pacing system to skip
three MV-Only breaths for every MV+Paced breath (see “Nskip” in Section 4.1.7 under
Methods) so as to allow comparison of adjacent MV+Paced breaths and MV-Only
breaths at similar levels of ventilator support (see Section 4.3.4 under Methods).

93

5.2.3.

Work of Breathing Measurements
Following are the results from WOB measurements during MV+Pacing and

Pacing Only scenarios.

Diaphragm Work during In-Sync Pacing
The inspiratory work of breathing of the diaphragm (WOBinsp,dia) during
MV+Pacing scenario was calculated as the difference in area enclosed by the Airway
Pressure-Tidal Volume inspiratory loop and the ordinate (Paw-TV loop) during MV-Only
and MV+Pacing scenario (Section 5.2.3). This is shown in Figure 5-27.
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Figure 5-27. Representative plots of Paw-TV to calculate Diaphragmatic Work
during In-Sync Mode in four animal experiments. Area enclosed by
Orange vertical axis and Red trace indicates Ventilator Inspiratory
Work of Breathing (WOBinsp,vent) during MV-Only; Area enclosed
by Orange vertical axis and Green trace indicates Ventilator
Inspiratory Work of Breathing (WOBinsp,vent) during MV+Pacing.
Hatched area represents the Diaphragm Inspiratory Work of
Breathing (WOBinsp,dia) during MV+Pacing. TMCT = 50 msec; TES = 0
msec for experiment #1; TMCT = 50 msec; TES = 400 msec for
experiment #2, 3 and 4.
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The following table shows the mean WOBinsp,dia calculated as above during the
four animal experiments. Column “Inspiratory Flow Duration MV+P (sec)” indicates the
duration of time when the ventilator inspiratory flow was above the zero flow baseline,
during MV+Pacing. Columns “CRS (L/CmH2O)”, “CL (L/cmH2O)”, and “CCW (L/cmH2O)”
refer to the Total Respiratory System Compliance (Breathing Circuit, Lungs and Chest
Wall), Compliance of the Lungs and Compliance of Chest Wall respectively, measured
during relaxed (MV-Only) conditions by least square fitting method. Column “RR (BPM)”
indicates the breath rate set on the ventilator. Column “MV+P TV (L)” indicates the tidal
volume delivered by the ventilator during In-Sync pacing. Column “MV+P Peak Paw
(cmH2O)” indicates the peak airway pressure during In-Sync pacing. Column “Ventilator
Inspiratory Work of Breathing (WOBinsp,vent)” indicates the ventilator inspiratory work of
breathing during MV-Only and MV+Pacing conditions. Columns “+ve WOBinsp,vent”
and “-ve WOBinsp,vent” indicate the positive work (Paw > PEEP) and negative work
(Paw < PEEP) done by the ventilator during MV+Pacing, respectively.

“Net

WOBinsp,vent” is the difference between “+ve WOBinsp,vent” and “-ve WOBinsp,vent”.
Column “WOBinsp,dia (J/L)” indicates Diaphragm Inspiratory Work of Breathing during
In-Sync pacing. Diaphragm Work is also expressed as a percentage of the Ventilator
Inspiratory WOB (WOBinsp,vent) measured during MV-Only condition (i.e., as a % of
work of passive inflation). This is indicated in the last column as “%WOBinsp,dia”.
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Table 5-4.

Work of Breathing for all experiments during MV-Only and
MV+Pacing conditions. Values are expressed as mean ± SD.
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The work of passive inflation, indicated by the ventilator inspiratory work of
breathing (WOBinsp,vent) during MV-Only conditions ranged from 0.87 to 1.02 J/L
among the animal experiments. WOBinsp,vent during MV-Only condition is the work
done to passively inflate the entire respiratory system, which we modeled as a single
resistance connected in series to a single compliance (Figure 3-2).

The physical

characteristics of the breathing circuit and the endotracheal tubes used during all animal
experiments were identical and therefore the single resistance in our respiratory system
model can be considered identical. The single compliance (Column Crs in Table 5-4)
represents the compliance of the entire respiratory system and it can be seen from the
table that WOBinsp,vent during MV-Only condition varied with the compliance of the
entire respiratory system as expected.
In experiment #1, the pulse widths were set to recruit the phrenic nerves
completely and stimulation frequency was set to reach a maximum of 40 Hz.

The

stimulation trains were programmed to precede the onset of ventilator inspiratory flow by
50 msec (TMCT = 50 msec). At these settings, the %WOBinsp,dia was found to be 88.1%
(±2.9%).
During experiments #2, #3 and #4, the pulse widths were set to recruit the
phrenic nerves completely, but the stimulation frequency was maintained at an optimal
constant level of 25 Hz, so as to delay fatigue due to continuous electrical stimulation.
The stimulation trains were programmed to precede the onset of ventilator inspiratory
flow by 50 msec (TMCT = 50 msec) and were extended beyond the inspiratory flow
duration by 400 msec (TES = 400 msec) (Figure 5-27).

At these settings, the

%WOBinsp,dia (Table 5-4) measurements were 83.8% (± 4.1%) in experiment #2,
66.3% (± 5.7%) in experiment #3 and 73.3% (± 5.1%) in experiment #4. In terms of
work per liter of ventilation, diaphragm work ranged from 0.60 to 0.90 J/L among the
experiments. The negative work done by the ventilator (which might be considered
indicative of the degree of opposition/resistance provided by ventilator against
diaphragm contraction during the initial phase of the breath) ranged from 0.02 to 0.11
J/L.
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Diaphragm Work during Pacing Only
Representative traces of signals acquired during Pacing Only conditions in each
experiment are shown below in Figure 5-28, Figure 5-29, Figure 5-30 and Figure 5-31.

Figure 5-28. Representative plot of signals from Experiment #1 during Pacing
Only condition.
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Figure 5-29. Representative plot of signals from Experiment #2 during Pacing
Only condition
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Figure 5-30. Representative plot of signals from Experiment #3 during Pacing
Only condition
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Figure 5-31. Representative plot of signals from Experiment #4 during Pacing
Only condition
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The inspiratory work of breathing of the diaphragm (WOBinsp,dia) during Pacing
Only scenario was calculated as the area enclosed by the active and passive
Esophageal Pressure-Tidal Volume inspiratory Loops (Pes-TV loops) on the Campbell
diagram. This is shown in Figure 5-32.

Figure 5-32.. Representative plots of Pes-TV to calculate diaphragmatic work
during Pacing Only scenario in four animal experiments. The area
enclosed by the Green trace (Active Pes) and the Red line (Passive
Pes) represents the work done by the diaphragm (WOBinsp,dia).
The following table summarizes the mean WOBinsp,dia calculated during
Pacing-Only condition in the four animal experiments.
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Table 5-5.

WOBinsp,dia for all experiments during Pacing-Only Conditions.
Values are expressed as mean ± SD
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Net WOBinsp,dia represents the diaphragm inspiratory work of breathing (Net
WOBinsp,dia) under conditions of Pacing-Only. It should be noted that during this
condition, the diaphragm had to work in isolation against all loads present in the
respiratory system (both physiological and those imposed by the breathing circuit and
endotracheal tube) to move the tidal volume. Net WOBinsp,dia ranged from 0.29 to 1.51
J/L. and the paced tidal volume ranged from 0.357 to 0.545 L. The duration of the
stimulation train (Column Insp. Flow duration) was fixed at 1 sec for experiments #2, 3
and 4 but was set at 1.7 sec for experiment #1. Also during experiment #1, the
stimulation frequency increased up to 40 Hz, compared to the constant 25 Hz used
during experiments #2, 3 and 4. This might explain why the paced tidal volume was
greatest in experiment #1.
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6.

Discussion

6.1. Verification of Control Algorithm in Bench Tests
Prior to the final testing of the control algorithm in animal experiments #2, 3 and
4, several revisions were made to the algorithm. Issues were detected during multiple
bench tests and were fixed by the implementation team as and when they were
identified. Since it is not possible to report all the tests within the scope of this thesis,
only the results from the final bench test are reported here. During the final bench test,
performance met the requirements of the described algorithm and all results were as
expected. The timing signals used to carry out the bench tests were sufficient enough to
comprehensively cover all the required test cases.
The bench test set-up could only be used to verify the timing of stimulation trains
as dictated by the control algorithm. Experiments in animals were necessary for the
analysis of respiratory mechanics.

6.2. Analysis of Respiratory Mechanics
6.2.1.

Mechanics of the Relaxed Respiratory System
Total Resistance, total compliance of the respiratory system and the individual

compliances of the lungs and the chest wall were calculated using a least square fit
method.

The method was applied for the entire respiratory cycle, during MV-Only

conditions (i.e., passive inflation of the relaxed respiratory system) based on the
assumption of a linear single-compartment model for the respiratory system (Iotti et al.
1999). There were no known respiratory issues in any of the experimental animals, so
the equation of motion for linear-single compartment model (see Figure 3-2) was
deemed applicable for the determination of resistance and compliances. All animals

106

remained sedated throughout the experiments and the airway pressure waveform was
consistent during the MV-Only breaths, in all animals. Hence, the respiratory system was
completely relaxed during these measurements, an important requirement for the validity
of the measurements.

6.2.2.

Reduction in Peak Airway Pressure during In-Sync Pacing
As reported in Table 5-3, a reduction in peak airway pressure occurred in all

animal experiments in response to diaphragm pacing in-synchrony with ventilator
inspiration. Results from experiment #1 were previously presented as a poster
(Meyyappan et al. 2012). In experiments #2, #3 and #4, the stimulation train duration
was extended using the TES parameter, so as to maintain the peak airway pressure at its
reduced plateau value.
An inspiratory pause is intended to allow the equilibration and distribution of the
delivered gas to all the compartments of the lungs, so that oxygenation will be improved.
Contraction of the diaphragm expands the lower rib cage, promoting the distribution of
gas to the lower lung compartments. When the diaphragm contracts in-synchrony with
the ventilator inspiration, the better gas distribution might improve oxygenation. If the
diaphragm continues to contract during a no flow period (i.e., during an inspiratory
pause), this effect may be pronounced.
The start of stimulation was programmed to precede the onset of ventilator
inspiratory flow by 50 msec (TMCT = 50 msec), so that the diaphragm could develop a
reasonable amount of force when the ventilator inspiration started. However, considering
that there is an added load imposed by the breathing circuit (the endotracheal tube and
the ventilator tubing), the diaphragm might be subjected to a highly loaded condition of
breathing. It seems plausible to start the stimulation train just after the ventilator has
generated enough flow to overcome the imposed load (flow resistive work), so that the
diaphragm contraction only contributes towards the elastic work of breathing and
contracts under a more physiological, normally loaded condition.
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6.2.3.

Diaphragm Work during In-Sync Pacing
The first animal experiment was different from the rest of the experiments in that

the ventilator used provided a constant inspiratory flow throughout the inspiration phase,
without an inspiratory pause. Also, during MV+Pacing cycles, the phrenic nerves were
paced with maximal stimulation parameters namely supramaximal pulse widths and
variable stimulation ending at a higher frequency (40 Hz). The diaphragm contributed
88.1% (± 2.9%) (see Figure 5-27 and Table 5-4) towards the total work required to
inflate the passive respiratory system with the given tidal volume (i.e., 88.1% of
WOBinsp,vent during MV-Only conditions). It should be noted that the WOB
measurements were made in the time interval when the ventilator inspiratory flow was
above the zero-flow baseline. The fact that this ventilator maintained its inspiratory flow
duration, irrespective of the diaphragm activity occurring in co-ordination, means that the
WOB measurements were made during the same time interval during both MV-Only and
MV+Pacing conditions. Therefore, a drop in Paw due to a shortening contraction of the
diaphragm, but with no corresponding change in inspired flow was also taken into
account during the WOB calculations.
In the remaining animal experiments (#2, #3 and #4), the available ventilator
provided a variable inspiratory flow during the inspiration phase. Also, during these
experiments, the stimulation frequency during a pacing train was maintained at a lower
level (at 25 Hz as opposed to 40Hz in experiment #1), while the pulse widths used were
supramaximal in order to achieve complete recruitment of the phrenic nerve. The
Phasing of the stimulation train with respect to the onset and end of ventilator inspiratory
flow was adjusted using the TMCT and TES parameters, respectively.
The diaphragmatic inspiratory work of breathing as a percentage of total
inspiratory work of breathing (%WOBinsp,dia) was largest in experiment #2, lesser in
comparison during experiment #4 and smallest during experiment #3 (Table 5-4). This
disparity can be explained by the higher compliance of the Chest Wall (Ccw) in animal
#3. As can be seen from the corresponding plot of Paw-TV in Figure 5-27 and from the
column “-ve WOBinsp,vent” in Table 5-4, the negative work done by the ventilator in this
animal was lower (0.02 J/L) than in other experiments. One of the mechanisms in which
the diaphragm contracts to inflate the lungs is the upward pull on the lower rib cage at
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the coastal margin, using the abdominal contents as the fulcrum (Peterson DK et al,
1986). Since compliance and inflation pressure have an inverse relationship, a higher
chest wall compliance will require a smaller inflation pressure, which is seen as a smaller
decrease in intrathoracic pressure due to diaphragm contraction (i.e., the resistance
provided by the chest wall to diaphragm contraction is lower). This is reflected as a
smaller drop in the baseline Paw during the initial phase of the ventilator inspiratory
phase. Since negative ventilator work is defined as the drop in Paw below the endexpiratory baseline (PEEP), the ventilator does less negative work in this scenario.
Shortly after the initial phase of the ventilator inspiration, the ventilator increases the
inspiratory flow and shares a greater portion of the work of inflation by creating positive
pressure. The Net work done by the ventilator is therefore higher (less negative work,
more positive work), and the amount of work shared by the diaphragm in moving the
given tidal volume is lower.
As described previously, pacing the diaphragm in co-ordination with the ventilator
inspiration phase in experiment #2, 3 and 4 caused a difference in inspiratory flow which
was not observed in experiment #1, the inconsistency arising mainly from the difference
in the ventilator inspiratory flow waveforms. The variable inspiratory flow waveform
generated by the ventilator used in experiments #2, 3 and 4 meant that the ventilator
inspiratory flow could be modulated by the coordinated diaphragm contraction and this
could be observed from the airway flow traces during the MV+Pacing cycles. The
synchronous activity of the diaphragm during the inspiration phase of the ventilator
increased the instantaneous ventilator inspiratory flow and thereby the preset tidal
volume was delivered to the animal sooner than it would have been if the diaphragm had
not been contracting. This resulted in an inspiratory pause in the MV+Pacing cycles,
introduced by the contraction of the diaphragm. Thereafter, no more volume change
occurred, the contraction of the diaphragm serving only to maintain the reduction in Peak
Airway Pressure.
The point of the above discussion is that irrespective of the ventilator inspiratory
flow waveform, the WOB measurements were still made in the time interval when the
ventilator inspiratory flow was above the zero-flow baseline. This means that the
measured WOBinsp,dia is not indicative of the “absolute” inspiratory work of breathing
done by the diaphragm during a MV+Pacing cycle, because the method of measurement
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does not take into account the work done by the diaphragm during the inspiratory pause
duration of the ventilator inspiration phase (since inspiratory flow is zero). During this
pause, there was no flow into the lungs and no change in volume, meaning that the work
done by the diaphragm was zero. However, the diaphragm was still contracting and
spending energy to maintain the airway pressure at its plateau value. The
%WOBinsp,dia calculated by this method is only a “relative” measure that indicates the
amount of ventilator work (required to move a given volume across the respiratory
system) shared by the contracting diaphragm during diaphragm pacing in relation to the
work required to inflate the entire respiratory system by the ventilator operating alone.

6.2.4.

Limitations of the Method to Calculate Diaphragm Work
during In-sync Pacing
The Diaphragm Inspiratory Work of Breathing (WOBinsp,dia) during MV+Pacing

conditions was measured using a method originally described for estimating inspiratory
work done by spontaneously breathing patients or normal adults subjected to assisted
mechanical ventilation (Marini et al. 1985, Ward et al. 1988, Sassoon et al. 1988). During
spontaneous breathing, the inspiratory work is done not only by the diaphragm, but also
by the rib cage muscles and accessory muscles and was therefore referred to as
“Inspiratory Work of Breathing”, “Active Work of Inspiration” or simply “Inspiratory Muscle
Work” in these studies.

However, in our study, the diaphragm was contracting in

isolation (by virtue of phrenic nerve pacing and inactivity of rib cage muscles due to
sedation), and therefore, the calculated work was referred to as “Diaphragm Inspiratory
Work of Breathing (WOBinsp,dia)”. Application of this method to determine diaphragm
inspiratory work during MV+Pacing conditions seems justified, since the conditions of
measurements (relaxation vs. diaphragm contraction) are still within the scope and
rationale for the method described in the referenced studies.
The limitations described by the aforementioned studies also applied to the
present study. This method may underestimate the degree of respiratory muscle activity,
because the minimum work of inflation occurs when the chest wall and abdomen are
displaced along their relaxed pressure-volume relationships. Distortion of the ribcage
and abdomen from their relaxation characteristics by the inspiratory muscles (in this
case, the diaphragm) will result in a higher work of inflation than that required under
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passive inflation (Ward et al. 1988). In other words, to the extent that respiratory muscle
contraction reduces chest wall compliance (Ccw), the difference between relaxed and
un-relaxed Paw-TV curves may actually underestimate the inspiratory work (Marini et
al).
In animal experiments #2 and #3, it can be seen from the Paw-TV traces in
Figure 5-27 that the preset tidal volume delivered by the ventilator was not exactly the
same during MV-Only and MV+Pacing cycles. The tidal volume was noticeably smaller
during the MV+Pacing cycles.

A possible explanation for this could be that the

diaphragm was contracting in isolation, without contribution of the rib cage muscles. In a
study of intramuscular electrical activation of the phrenic nerve in dogs, Peterson et al
(1986) observed that the most significant difference between spontaneous breathing and
diaphragm pacing was the thoracoabdominal motion. Unlike spontaneous breathing
where both the rib cage and the abdominal circumferences increase, the ribcage
circumference decreased as the abdominal circumference increased during diaphragm
pacing. This decrease in rib cage circumference reflected an inward buckling of the
lateral walls of the upper rib cage and a reduction of the antero-posterior dimension of
the chest. Peterson et al (1986) also estimated that the inspired volume lost as a result
of inward collapse of the upper rib cage averaged 23% of the actual evoked inspired
tidal volume during diaphragm pacing.
Considering that our stimulation trains preceded the start of ventilator inspiratory
flow and the inspiratory flow increased enough to create an inspiratory pause during
MV+Pacing cycles, it seems that the diaphragm contraction was strong enough to cause
inward collapse of the upper rib cage as the inspiration progressed, offering resistance
to the flow of gas and resulted in lower tidal volumes during MV+Pacing cycles.

6.2.5.

Diaphragm Work during Pacing Only
The diaphragm was paced using the same stimulation parameters as during In-

sync pacing except that the stimulation train duration was constant at 1 sec (except for
experiment #1 when it lasted 1.7 sec). The diaphragm work was calculated using the
Campbell diagram as the area enclosed by the active Pes trace and the passive
relaxation curve of the chest wall.
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Diaphragm work was smallest in animal #4. This finding was consistent with the
finding during MV+Pacing condition in the same animal and could be explained by the
larger chest wall compliance in this animal compared to others.
Although animals #2 and #4 had similar respiratory mechanics, the diaphragm
work was substantially larger in animal #4 (Figure 5-32 and Table 5-5.). This could
partially be explained by the fact that the diaphragm contraction seems to become
isometric much earlier during experiment #2, as seen from the airflow trace in Figure
5-29. Peak inspiratory flow was reached approximately at the middle of the stimulation
train and flow became zero, meaning that the volume change during the rest of the
stimulation train was very small. This is also reflected in the lower tidal volume
generated in experiment #2 (0.363 L) when compared to that generated during
experiment #4 (0.516 L). Since the method of diaphragm work calculation relies on the
change in volume, a lower volume change or no volume change will result in a smaller
calculated work. In experiment #4, it appears that isometric contraction of the diaphragm
occurred later during the stimulation when compared to experiment #2.
The difference in the time at which diaphragm contraction became isometric
could be due to the stimulation parameters used. The stimulation train duration was fixed
at 1 second, but the stimulation pulse widths were modulated from threshold to
supramaximal. During MV+Pacing the same pulse widths were used but the stimulation
train durations were dictated by the TFlow duration and the programmed value of TES
(i.e., TStim = TFlow + TES, see Equation 8 under Methods). The TStim during
MV+Pacing was typically 1.75 to 2 seconds, almost twice as long as the stimulation train
duration used during Pacing Only condition. This made for a much steeper slope of the
pulse width modulation during Pacing Only condition, which may have caused the
contraction to become isometric sooner after the onset of stimulation. Since the
identification of the threshold and supramaximal pulse widths had to be done individually
for each animal experiment, the pulse width modulation range was different between
experiments. Since the modulation time remained the same in all experiments (except
experiment #1), a wider pulse width modulation range will result in a faster recruitment of
the phrenic nerve and a subsequently shorter time to reach isometric state. This could
be a possible reason for reaching isometric contraction sooner during experiment #2.
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6.2.6.

Limitations of the Method to Calculate Diaphragm Work
during Pacing Only Condition
An important assumption in measuring work during pacing only conditions was

that the diaphragm work can be calculated using the Campbell diagram, which is a
standard method to calculate inspiratory muscle work during spontaneous breathing. As
discussed earlier, there are differences between spontaneous breathing and diaphragm
contraction caused by phrenic nerve pacing. An important difference is that the
diaphragm was contracting in isolation while the rib cage and accessory muscles were
inactive due to sedation.
As during spontaneous breathing through an endotracheal tube, the Total Work
of Breathing is described by the following expression (Banner et al, 1994 and 1996):
Total WOB = Physiologic WOB + Imposed WOB
Equation 15
Where, physiologic WOB includes elastic WOB (work required to overcome the
elastic forces of the respiratory system during inflation) and resistive WOB (work
required to overcome the resistance of the airways and tissues to the flow of gas).
Imposed WOB is the work performed by the patient to breathe spontaneously through
the breathing apparatus, i.e., the endotracheal tube, ventilator breathing circuit, and the
demand-flow system (Banner et al, 1996). It should be noted that the work of breathing
estimated here is the Total WOB and is not separated into its component parts, which
would have required a measurement of tracheal pressure at the carinal end of the
endotracheal tube.
The Campbell diagram requires the measurement of esophageal pressure to
calculate the total WOB. Correct positioning of the esophageal balloon is important to
acquire accurate esophageal readings. Pleural pressure is influenced by gravity and can
be modified by the weight of the thoracic content and by posture (Cabello et al, 2006). In
two of the four experiments (experiment #2 and #3), we had difficulty in correctly
positioning the esophageal catheter but eventually managed to acquire acceptable
signals. However, differences in the placement of the esophageal balloon could have
caused inaccuracies in measured Pes values.
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Generally, while calculating the WOB using the Campbell diagram, a theoretical
value for chest wall compliance (Ccw) is often used rather than a measured value.
However, this was not a limitation in the present study because a true value of Ccw was
measured individually in each animal and was used in their respective WOB calculations
during Pacing Only conditions.

6.2.7.

Proposed Application of the WOB Calculation Methods
The methods used in this thesis to measure diaphragm work during MV+Pacing

and Pacing Only conditions were developed for patients breathing spontaneously either
when subjected to mechanical ventilation or not. This thesis puts forward the idea that
these methods, subject to the validity of the assumptions, can be applied to measure,
titrate and control the amount of diaphragm work elicited by a diaphragm pacing system,
such as a system developed by Lungpacer Medical Inc and the Neurokinesiology Lab.
By knowing the amount of work required to inflate the respiratory system with a
certain tidal volume during passive controlled ventilation, the pacing parameters can be
set by a clinician so as to let the diaphragm share a certain percentage of the total work.
The level of work to be shared by the diaphragm during In-sync pacing will depend on
multiple factors such as the strength of the diaphragm and the pathology of the lungs in
each clinical scenario. For example, the shared percentage of total WOB can be a tradeoff between a level of pacing that will substantially decrease the positive pressure
required to inflate the lungs and a level of pacing that will minimize diaphragm fatigue.
Optimization may also be targeted towards pacing the diaphragm to generate normal
physiological work, which has been found to be approximately 0.5 J/L (Banner et al,
1994), in the absence of imposed loads. The ventilator can be operating either in a
controlled mode or in a support mode (such as Pressure Support Ventilation) to take
over the additional work of breathing due to either the respiratory condition or work
imposed by the breathing circuit. Conceptually, this is similar to using spontaneous
modes of ventilation except that the benefits of diaphragmatic breathing can now be
provided to critically-ill, sedated patients in whom spontaneous breathing is suppressed.
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Pressure-Time Product
A limitation of the WOB methods described here is that they are all based on a
change in volume. When there is no volume change (i.e., a static condition), no work is
done, but the diaphragm can still be contracting isometrically. To account for this,
another measure known as the Pressure-Time Product (PTP) has been traditionally
used (Sassoon et al.1991, Marini et al. 1988, Petros et al. 1993, Iotti et al.1999). PTP
may be calculated from Pdi or Pes, but Pes is an easier signal to acquire than Pdi. The
PTP calculated from the Pes signal expresses the action of the respiratory muscles of
the patient.
Unlike the WOB measurements, PTP takes into account the duration of
contraction of the respiratory muscles, which in this case depends on the duration of
diaphragm stimulation. Also, unlike the WOB measurements the start of measurement is
not identified from the onset of inspiratory flow, but rather identified from the onset of
diaphragm activity. This ensures that the work done prior to initiating inspiratory flow is
also included in the calculation.
The area below the baseline Pes (PEEPes) expresses the inspiratory activity
performed just for the inflation of the lungs (Active Pes). The area above the Pes level of
effort start expresses the inspiratory activity performed for moving the elastic
components of the chest wall (Passive Pes) (Iotti et al., 1999). The Passive PTP is
calculated using the following equation:

∫

PTPes, pas = PEEPes + Vol(t) / Ccw . dt
Equation 16
Where, PTPes,pas is the Passive PTP for the duration of muscular effort,
PEEPes is the baseline esophageal pressure, Ccw is the chest wall compliance and
Vol(t) is the instantaneous change in volume.
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The Active PTP is calculated using the following equation.

PTPes,act =

∫(PEEPes - Pes) * Flow. dt (cmH O.sec units)
2

Equation 17
Where, PTPes,act is the Active PTP for the duration of the inspiratory effort,
PEEPes is the baseline esophageal pressure and Pes is the Active Pes.
The total PTP is the area subtended by the Active Pes and the Passive Pes.
Mathematically, it is the sum of PTPes,act and PTPes,pas. A sample PTP calculation is
shown below.

Figure 6-1.

A representative plot of Pes vs. Time during a Pacing Only Trial.
Blue trace represents inspiratory portion of active Pes. Green trace
represents expiratory portion of active Pes. Cyan trace represents
inspiratory portion of passive Pes. Red trace indicates expiratory
portion of passive Pes. Hatched area indicates the Pressure-Time
Product.

The point of the above discussion is that esophageal pressure (Pes) contains
very interesting information about the activity of the respiratory muscles, especially the
diaphragm. Therefore, it appears that acquiring the Pes signal during diaphragm pacing
will be useful for the measurement of diaphragm strength during Pacing condition and
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subsequently for the titration of pacing level and continuous real-time monitoring of
diaphragm work during In-Sync pacing. This will also pave the way for better clinical
management of the patient undergoing diaphragm pacing during mechanical ventilation.
However, the measurement of Pes and its use to guide patient management is currently
not in widespread clinical use, mainly because of the difficulty in the placement of the
esophageal catheter.
An interesting aspect of this Transvascular phrenic nerve pacing system is the
location of the pacing catheter in the superior vena cava. This location is ideal for pacing
the right phrenic nerve, as it runs parallel to the superior vena cava (Figure 2-1). Central
Venous Pressure (Pcvp) is routinely measured in the ICU using a central venous
catheter positioned in the right atrium or superior vena cava, via puncture of the
subclavian vein (Hylkema BS et al, 1983). Flemale et al., (1988) measured central
venous pressure (Pcvp) and Pes in healthy volunteers during inspiratory efforts against
a closed airway and concluded that measurements of Pcvp reflect pleural pressure
changes and the ratio of change in Pcvp to change in Pes was close to unity. ChievelyWilliams et al., (2002) measured Pcvp and Bladder Pressure in patients undergoing
Pressure Support Ventilation and concluded that although absolute values for the
changes in Pcvp during mechanical ventilation do not always reflect the change in Pes,
useful information can be obtained from this route. A subsequent editorial to the
Chievely-Williams et al., (2002) study observed that if the discrepancy in pressure
changes between indwelling central venous catheter systems and conventionally used
esophageal and gastric catheter systems is reduced, it will enable the estimation of lung
mechanics and work of breathing by the respiratory muscles and the ventilator in a more
convenient manner without resorting to additional catheters (Baydur A, 2002).
Taken together, a phrenic nerve pacing catheter that allows for simultaneous,
continuous real-time measurements of central venous pressure appears to be a
technical simplification for monitoring diaphragm activity elicited by phrenic nerve
stimulation. If technically feasible, a single catheter will allow for both control and
monitoring of diaphragm pacing.

117

Optimizing the Workload of the Diaphragm
The question of how much we should rest the respiratory muscles/how much
activity they must be allowed to keep them intact during controlled mechanical
ventilation, has been a topic of much debate in mechanical ventilation (Testelmans D et
al. 2012, Sassoon et al. 2009, Vassilakopoulos et al. 2005). Sassoon et al. (2009) have
proposed a level > 30% of maximal isometric tension to meet this goal. Based on the
analysis carried out in this thesis, it seems plausible that a physiologic level of
diaphragmatic WOB or PTP elicited by phrenic nerve pacing during In-sync pacing is an
ideal level activity to keep the diaphragm active during controlled mechanical ventilation
combined with sedation.
When a measure of mechanical ventilator activity, such as Paw and a measure
of diaphragmatic activity, such as Pes or alternatively the respiratory component of Pcvp
are available, the workload of the diaphragm can be optimized. An article by MacIntyre
(2005) approaches this issue from the context of the mechanical ventilator and
discusses how the ventilator assistance must “shape” the respiratory muscle loading to
resemble normal loading, an idea similar to making the diaphragm do a physiologically
normal range of work (0.5 J/L) during In-Sync pacing proposed in this thesis.
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Figure 6-2.

Illustration of Optimal Respiratory Muscle Loading

Figure 6-2 shows simultaneous curves of Pes (indicative of respiratory muscle
activity) and Paw (indicative of mechanical ventilator activity) in a Pressure-Volume plot.
An optimal workload of the diaphragm will ideally resemble plot E, where a MV+Paced
breath creates a Pes trace corresponding to a normally loaded diaphragm contraction
while the ventilator creates a Paw trace indicative of the abnormal load corresponding to
the clinical condition.
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7.

Future Directions and Conclusions

7.1. Bench Tests
The bench tests were done with a single volume controlled ventilator, which was
time triggered, volume limited and time cycled. The ventilator provided only a constant
flow waveform so all tests were restricted to verification against that flow waveform. A
ventilator which could produce other clinically used flow waveforms might be ideal for
future testing.
The test lung used to simulate the patient was a passive test lung with single
compliance and therefore the mechanics of an actual respiratory system such as varying
resistances and compliances could not be simulated during the bench tests. An active
test lung that could simulate different respiratory mechanics encountered in a clinical
population might be useful in the future.

7.2. Animal Studies
The respiratory mechanics and work of breathing are measured infrequently
during respiratory management and typically only during the weaning phase of the
patient. This thesis proposes to measure these parameters frequently as part of the
controlling and optimizing the level of support provided by a diaphragm pacing system
while operating either alone or in-synchrony with a mechanical ventilator.
Since diaphragm pacing allows the measurement of diaphragm strength and
endurance independently of the volitional drive/capacity of a patient, it might provide a
measure of patient readiness to wean, which could be incorporated in a weaning index
to predict when the patient can be liberated from mechanical ventilation.
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In conclusion, this thesis accomplished the following:
A control algorithm to pace the diaphragm in-synchrony with a controlled
mechanical ventilator was developed and the proper working of the algorithm was
verified through bench tests.
A diaphragm pacing system running the control algorithm was used in four
animal experiments to study the respiratory mechanics associated with different
conditions of ventilatory support, namely Mechanical Ventilation only, Mechanical
Ventilation combined with Diaphragm Pacing and Diaphragm Pacing only.
From the analysis, improvements and additions to the existing system were
proposed and potential clinical applications of the system were discussed in detail.
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