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ABSTRACT

There is a need for objective, diaphragm-specific respiratory function
measurements applicable to clinical settings. PURPOSE: To establish an improved
measurement of respiratory function via assessment of diaphragm endurance.
METHODS: 20 healthy subjects, highly active (HA) (n=10) or inactive (IN) (n=10),
were tested using electrical stimulation (5 Hz, 5-minutes) on one occasion. Stimulation
electrodes were placed on one phrenic nerve, and a current producing a vigorous
contraction was used. An accelerometer collecting at 400Hz was placed on the abdomen.
An endurance index (EI) was calculated from the acceleration values at 2 (EI2) and 5
minutes (EI5). RESULTS: EI2 of IN and HA were 68.8+£16.3% and 92.8+8.7%
respectively (p=0.001). EI5 of IN and HA were 62.6+12.4% and 85.7+13.6%
respectively (p=0.001). The correlation of EI2 and EI5 was 0.588. CONCLUSIONS:
Highly active subjects had higher diaphragm endurance index values than inactive
subjects, supporting the use of the test to evaluate respiratory function.
INDEX WORDS: accelerometry, diaphragm, electrical twitch mechanomyography,
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CHAPTER 1

INTRODUCTION

Title

Assessing Respiratory Function Using the 5-minute Endurance Test Protocol

Purpose
To establish an improved method for measurement of respiratory function via assessment

of diaphragm endurance.

Background

Respiratory dysfunction and respiratory failure are severe medical issues that
profoundly impact the cost of health care and both long-term and short-term patient
survival. While respiratory dysfunction is a major health issue, for the purpose of this
thesis, respiratory failure will be identified as the major health problem that is the focus
of this project. Acute respiratory failure (ARF) is commonly seen in hospitalized patients
and can lead to further complications and, if severe, death. In a recent epidemiological
study, researchers determined a 56% increase in occurrence of ARF and a 37% increase
in in-hospital deaths associated with ARF from 2001 to 2009.! There are many different
causes of respiratory dysfunction and failure such as mechanical ventilation, lung disease,

nerve damage, and neuromuscular diseases.?” The current methods of clinically assessing



respiratory function are either subjective or secondary to the respiratory muscles.® There
is a need for an inexpensive, non-invasive, direct way to assess respiratory function in the
clinical setting.

The diaphragm is the primary inspiratory muscle and is comprised of two parts:
costal and crural. The costal portion of the diaphragm is split into right and left halves,
which are innervated by the right and left phrenic nerve respectively. The phrenic nerves
originate in the spinal cord at the C3-C5 vertebral level. These nerves typically run
behind the sternocleidomastoid muscle in the neck and can be stimulated both internally
and externally. During inspiration, the diaphragm contracts and reduces the thoracic
pressure by increasing the volume of the thoracic cavity. This reduction in thoracic
pressure allows for air outside of the body to flow down a pressure gradient into the
lungs. The diaphragm is the main inspiratory muscle used during breathing at rest and
plays a significant role in inspiration during exercise despite other respiratory muscles
being recruited.” Since the diaphragm plays a critical role in voluntary inspiration, it is
necessary to measure the diaphragm to determine respiratory function; respiratory failure
could be associated with diaphragm fatigability or dysfunction. The diaphragm should be
assessed during respiratory function assessments to determine inspiration function.

Fatigability of other muscles such as skeletal muscles has been widely studied.
There are two different components of fatigue: central and peripheral. Central fatigue is a
reduction in muscle contraction due to neuronal components such as reduced motivation
or drive in voluntary contractions, while peripheral fatigue is a reduction in muscle
contraction force due to muscular conditions.® ? In this thesis, peripheral fatigue will be

the focus of the study because the method of electrical stimulation bypasses voluntary



contraction and thus eliminates the central component of fatigue. Peripheral fatigue is
defined as the temporary decrease in force production of skeletal muscle resulting from
activation; this is likely due to metabolite buildup in the muscles.® 1°

One method of determining muscle fatigue and fatigability is through an
endurance test.!'"!> The endurance test we are basing this study off of is a 5-minute
electrical stimulation protocol which has been previously studied on various muscles.!'! !4
This endurance test consists of electrical stimulation and assessment of muscle twitch
acceleration via tri-axial accelerometry. The endurance of a muscle is evaluated via
analysis of the change in acceleration of the muscle twitch determined via the
accelerometry data. The endurance of a muscle is the inverse of muscle fatigue; for
example, if the endurance index levels are high, the muscle is not highly fatigable.!!-13 15
16 This method could also be employed to assess the endurance of the diaphragm; one
half of the diaphragm can be stimulated non-invasively via electrode stimulation of one
of the phrenic nerves for 5 minutes. For this study of the diaphragm, this 5-minute
endurance protocol is also being evaluated against a 2 minute endurance protocol to
determine the validity of a 2-minute test.

The current methods of measuring respiratory function in clinical and research
settings are varied. There are many tests that rely on patient/subject motivation or are
subjective to the healthcare provider/researcher performing the test.> ¢ Some of the
common measures of respiratory function include: maximum voluntary ventilation, vital
capacity, maximal inspiratory pressure, maximal expiratory pressure, and measurement

of blood gasses. Assessment of the fatigability of the diaphragm has included

supramaximal tetanic contraction stimulation via the phrenic nerve which can be



uncomfortable or painful to many subjects.® These tests can be improved upon by using
the technique that we have developed: a non-invasive, 5-minute endurance protocol to
determine diaphragm endurance. This is a relatively inexpensive technique that requires

an accelerometer and equipment that most clinical sites have access to.

Statement of the Problem
Assessment of diaphragm muscle endurance using phrenic nerve stimulation needs

validation but has the potential to transform how respiratory muscle function is assessed.

Aims and Hypotheses
Aim 1: To further validate a measurement of respiratory function, as assessed by
endurance index of the 5-minute endurance test protocol, in 2 different groups: (1) young,
highly active adults, (2) young, inactive adults.
Hypothesis 1A: Highly trained subjects will have higher endurance index values
in the diaphragm than the inactive subjects.
Hypothesis 1B: Highly trained subjects will have higher endurance index values
in their vastus lateralis muscles than inactive subjects.
Hypothesis 1C: Across groups, the diaphragm will have lower muscle endurance
than the vastus lateralis muscle.
Aim 2: Evaluate the use of acceleration after two minutes of stimulation (2-minute

endurance test) in the diaphragm.



Hypothesis 2A: There will be a statistically significant correlation between the
endurance index values at the 2-minute and 5-minute time points for the
diaphragm muscle.

Hypothesis 2B: There will be a statistically significant correlation between the
endurance index values at the 2-minute and 5-minute time points for the vastus

lateralis muscle.

General Approach

In this study 20 participants will be tested with the following group breakdown:
young, inactive adults (10) and young, highly active adults (10). There will be 1 day of
testing in this study design. The data collected include collection of demographic
information and 2, 5-minute endurance tests on the diaphragm and the vastus lateralis
muscle. The measurement of the endurance index of the vastus lateralis muscle will be
taken as a control to determine if there are any muscular issues with the participants. In
the endurance test of the vastus lateralis, results are expected to be similar between the
two groups.

The phrenic nerve, and thus the diaphragm, will be stimulated by pencil
electrodes placed on either side of the right or left sternocleidomastoid muscle. The
accelerometer will be placed 1 inch below the xyphoid process and 2 inch from the
midline towards the side that will be stimulated. The vastus lateralis will be stimulated by
two adhesive electrodes placed at both the distal and proximal ends of the muscle. The
accelerometer will be placed in between the electrodes on the belly of the muscle. Both of

these tests will follow the 5-minute endurance test protocol; this consists of stimulation at



5 hertz for 5 minutes at a current that creates a clear, strong contraction. For the
diaphragm, the values for the 2-minute endurance test will be extrapolated from the data

collected for the 5-minute test.



CHAPTER 2
REVIEW OF LITERATURE
Respiratory Weakness and Disuse

Respiratory dysfunction and respiratory failure are severe medical issues, caused
by a multitude of different conditions, which profoundly impact the cost of health care
and both long-term and short-term patient survival. There are many different causes of
respiratory dysfunction and failure that can be categorized into respiratory weakness and
respiratory disuse. Some of these causes are mechanical ventilation, lung disease, nerve
damage, and neuromuscular diseases. Respiratory dysfunction is a variable condition
ranging in severity, whereas respiratory failure is the inability to maintain normal gas
exchange. Respiratory failure is determined as when partial pressure of oxygen is below
60mmHg or partial pressure of carbon dioxide levels are higher than 50mmHg.!” While
respiratory dysfunction is a major health issue, for the purpose of this paper, respiratory
failure will be used as the focus of this project.

Acute respiratory failure (ARF) is commonly seen in hospitalized patients; it can
lead to further complications and, if severe, death. ARF accounted for 137.1 out of
100,000 hospitalizations of patients 5 or more years old according to the 1994
Nationwide Inpatient Sample.!® An epidemiological study conducted in 2001 determined
that 32% of patients admitted into a participating ICU were admitted for ARF.
Throughout the study it was determined that 56% of the ICU patients had ARF at some

point during their stay, either during admission or during the treatment period. Patients



with ARF had a mortality rate that was twice as large as the mortality rate seen in other
patients.!” In agreement with the previous study, a recent epidemiological study reported
an increase of 37% for in-hospital deaths associated with ARF. This study also
discovered an increased population occurrence of 56% in ARF.! Concurrent with the
increase in ARF morbidity and mortality associated with ARF, there is an increased
medical cost; the total impatient cost of ARF patients increasing from $30.1 billion in
2001 to $54.3 billion in 2009.! These increases in ARF prevalence can be linked to the
increased prevalence causes that will be further explained.

Mechanical ventilation is a common practice in intensive care units (ICU) of
hospitals for patients with and without ARF;?*-22 approximately 40% of patients in the
ICU received mechanical ventilation.?* Mechanical ventilation is the use of a medical
device to fill and empty the lungs with gas that will allow for the patient to have
normalized blood gas values. This process is done without work from patient respiratory
muscles; either through positive pressure or negative pressure. The mechanical ventilator
is an important invention that allows for individuals unable to breathe to maintain
necessary blood gas levels, but can be detrimental to respiratory muscles.? 3212427 A
study conducted in North Carolina found that the use of mechanical ventilation increased
by 11% from the years 1996 to 2002 with patients over 64 years old making up most of
the mechanically ventilated population. This study also found that the percentage of
patients being discharged home after receiving mechanical ventilation as treatment
decreased from 1996 to 2002 by about 10%.'8 While mechanical ventilation is proven to
improve acute patient mortality rates it is also a source of future respiratory failure

through muscle disuse.> 2! Mechanical ventilation can cause many negative effects to the



respiratory muscles (specifically the diaphragm) such as: decreased force-generation and
muscle injury or atrophy. 2!-2% 26 There are no current criteria for deciding to continue
with ventilation of the patient; it is based on physician judgement. Although there is one
recent paper that evaluated the efficacy of a non-invasive mechanical ventilation advisory
system with results that had a high agreement with recommendations from a respiratory
specialist.?® One of the ways that physicians determine if the patient is healthy enough to
stop mechanical ventilation is via spontaneous breathing trial. This consists of removing
the ventilator and measuring oxygenation of the blood, determining if there is increased
breathing effort, diaphoresis, and tachycardia.?” Most of these mentioned are subjective
measures and can vary based on the physician; finding an objective measure of
respiratory function could help physicians make a more informed decision when to
remove the patient from the ventilator.

Another cause of ARF is pulmonary disease; there are many different kinds of
pulmonary diseases that can cause ARF. Chronic obstructive pulmonary disease is a lung
disease with high morbidity and mortality rates.’® This disease severely impacts quality
of life in those affected by making activities of daily living difficult or impossible to
perform.?! Over 15 million people in the United States have been diagnosed with chronic
obstructive pulmonary disease, but it is projected that as many as twice that amount may
have the disease but are undiagnosed.*? In the United States, chronic obstructive
pulmonary disease is the 3 most common cause of death and has a total health care cost
of ~$54 billion.30 33-3

Acute spinal cord injury incidents in developed countries occur at a relatively low

rate of 11.5 to 53.4 per million persons, but in the United States the prevalence of spinal



cord injury is approximately 14 times higher with a prevalence of 721 per million
persons.*® 37 Since the nerves innervating the diaphragm originate at cervical vertebrae
numbers 3-5 (C-3-C-5), spinal cord injury at or above C-5 results in partial or complete
respiratory muscle paralysis respectively.* For those patients with spinal cord injuries that
do not completely paralyze the respiratory muscles, a method of objectively measuring
respiratory function would be invaluable in ensuring proper care without over-ventilation.
As discussed previously over-ventilation can exacerbate the disuse and ultimate weakness
of the respiratory muscles and thus perpetuate respiratory failure.

Some more common neuromuscular diseases that can cause acute respiratory
failure are Guillian-Barré syndrome and myasthenia gravis.*®4° These neuromuscular
diseases can cause respiratory failure by a few different ways with the most likely causes
being weakness in the muscles of the throat and mouth or weakness in the primary and
secondary respiratory muscles in the chest.> 340 The clinical assessment for determining
future respiratory failure in these populations consists of 4 objective measurements and
largely subjective measurements including the palpation of the trapezius and neck
muscles to correlate to and assess diaphragmatic strength.’

The current assessments of respiratory function in these previously mentioned
populations are lacking; a better method of assessment is necessary. There should be a
low-cost, objective assessment of respiratory function that can be used to both stratify at-
risk populations and to determine whether continued use of a ventilator is beneficial. The
method we are evaluating is an objective, non-invasive, and diaphragm-specific

measurement.
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The Respiratory System: The Role of the Diaphragm
The diaphragm is one of the primary inspiratory muscles at rest and during

41,42 The diaphragm includes 2 parts: costal and

exercise, and it is essential for respiration.
crural. The costal portion of the diaphragm is the contractile portion and is split into 2
halves, or hemidiaphragms.*-** Each hemidiaphragm is innervated by the phrenic nerve
that originates at the C3-C5 vertebral level of the spinal cord; both run down the neck
behind the sternocleidomastoid muscle on their respective sides. The left phrenic nerve
innervating the left hemidiaphragm and the right nerve innervating the right
hemidiaphragm.* 4647 During inspiration in healthy humans, the costal portion of the
diaphragm contracts (both hemidiaphragms contracting simultaneously) and reduces
thoracic pressure by increasing the volume of the thoracic cavity. This reduction in
thoracic pressure allows for air to flow down a pressure gradient from outside of the body
into the lungs.** The diaphragm is a unipennate muscle made up of about 50% slow and
50% fast fibers. These fast fibers are further broken into fast oxidative and fast glycolytic
fibers, which are in equal proportion of 25% and 25% of the total muscle fiber type
distribution.*®*° This indicates that it can contract quickly but not with great force; this is
beneficial for its role in exercise. The diaphragm is also the main inspiratory muscle
during exercise, although there are also other accessory muscles that help decrease the
thoracic pressure by further increasing the thoracic cavity volume such as the
sternocleidomastoid, scalene, and external intercostal muscles.”> #!- 4% 3% Because of the

role that the diaphragm plays as the main inspiratory force in both rest and exercise, it

will be the main focus of this thesis.
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Muscle Fatigue

Skeletal muscle fatigue is a common issue in certain populations, and increased
fatigability of the diaphragm would be problematic considering its role in inspiration.
Skeletal muscle fatigue has been widely studied in many different muscles and muscle
groups and studied in a multitude of different ways. Muscle fatigue is considered a
temporary decrease in muscle contraction force due to muscle activation.” °!-52 There are
two components to muscle fatigue: central and peripheral. Central fatigue is a reduction
in neuronal activation of the muscle causing a transient decrease in muscle contraction
force.® Peripheral fatigue is defined as a transient decrease in muscle contraction force
due to a buildup of metabolites arising from repeated contraction.’! The main metabolites
that buildup and cause peripheral fatigue are adenosine diphosphate (ADP), hydrogen
ions, and inorganic phosphate.® >3-** ADP buildup causes a change in cross bridge cycle
turnover and decreasing the shortening velocity of the muscle fiber due to its role as a
competitive inhibitor of ATP binding.>”>° Inorganic phosphate and hydrogen ions have
been determined to cause fatigue via a different mechanism. Inorganic phosphate and
hydrogen ion buildup appear to cause a decrease in tension of contraction via either
decreased number of attachments of actin and myosin (small and large contractile
filaments) or a decrease in the strength of attachment of these filaments.>’-** These
metabolites are theorized to buildup and cause fatigue as a protection mechanism for the
muscle; fatigue prevents the muscle from damaging itself.®! This becomes an issue when
the muscle contracts in modalities that would normally be considered within healthy
ranges yet still causes fatigue. Assessment of the rate of peripheral fatigue will be the

focus of the study; it will be considered the fatigability of the muscle. This was chosen as
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the scope of the study because assessing peripheral fatigue via bypass of the central
fatigue component allows for an evaluation of muscle quality. The less fatigable the
muscle, the greater the work capacity of the muscle. This indicates that the muscle can
contract for longer under a given contraction rate.

The fatigability of a muscle is determined by two factors: fiber type distribution
and training status. There are 2 main fiber types in humans®* %3, type I and type II fibers,
which are further broken down into 3 types: type I, type Ila, and type 11x.* There is a
difference in energy producing pathways in the type II muscle fiber subgroups; type Ila
fibers are considered fast oxidative fibers while type IIx fibers are fast glycolytic fibers.”
% Type I fibers are considered slow muscle fibers, meaning that they mostly use slower
oxidative pathways to generate energy for muscle contraction; these are most resistant to
fatigue but produce the least force. Type II muscle fibers are considered fast muscle
fibers, meaning that they can contract quickly and produce more force than the type I
fibers, but they rely more on faster glycolytic pathways to generate the energy necessary
to contract which cause a greater increase in the previously mentioned metabolites.>4-3¢ 66-
%8 The fatigability of the muscle fibers is, in increasing fatigability: type I, type Ila, and
type IIx. Type Ila fibers, while relying more on the glycolytic energy pathway than type I
fibers, use the oxidative energy pathway more than type IIx fibers.” ® An increase in the
ability to use the oxidative pathway decreases the fatigability of these fibers, and the
efficiency of the type Ila fibers to use oxidative pathways is dependent on training.®
These muscle fibers are activated during higher work rate activities that require more
forceful contractions due to the motor unit recruitment principle of size.®® 7° This

principle states that the first motor units recruited to perform a certain exercise are the
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smaller motor units which are comprised of mostly type I fibers. As the intensity of the
exercise increases and more power is necessary to complete contraction, more and larger
motor units are activated to increase the muscle force production to match the force
necessary to complete the exercise; these larger motor units contain more of the type II
fibers.”® The more often that the type II fibers are activated, the greater the molecular
signals are to increase the oxidative capacity of the muscle. This can cause a shift in
phenotype and metabolic characteristics of type IIx fibers to type Ila fibers.% 8- 6% 71 Thig
metabolic adaptation of muscle fibers has also been reported to occur in the diaphragm.’
3 An increase in oxidative capacity of the type II fibers is important because, if highly
fatigue resistant, they allow the muscle to be able to produce higher forces over a longer
period of time. This will allow for an increase the total work capacity of the muscle.
Muscle fatigability is a good indicator of muscle quality and could be assessed in the
diaphragm to determine respiratory health and function. There are many different ways to
study fatigue, but none are more clinically relevant and physiologically more

encompassing than our endurance test.” !!

The Endurance Test
One way to assess muscle fatigability is an endurance test. This test is non-
invasive and completely bypasses the central nervous system and thus, the central aspect
of fatigue.!! There have been studies testing the usability and clinical relevance of this
method of assessing muscle endurance in both healthy and clinical populations with
success.!!"1® This approach to assessing muscle endurance uses submaximal muscle

twitches generated via low-frequency (5Hz) electrical stimulation for 5 minutes. This

14



endurance protocol has been previously used in a 9-minute format of 2, 4, and 6 Hertz for
3 minutes each and since shortened to 5 Hertz for 5 minutes.!!"!*7* As the muscle
contracts in twitches, the twitch contraction accelerations produced from the electrical
stimulation are measured via a triaxial accelerometer placed on the muscle being
assessed. A decline in the acceleration values collected indicates the onset of muscle
fatigue. The accelerometry data are analyzed and used to calculate an endurance index;
the more fatigable the muscle, the lower the endurance index. This means that if there is a
large decline in the acceleration of the muscle twitches throughout the duration of the 5-
minute test, the calculated endurance index will be low and the fatigability of the muscle
high. This endurance test has been established on multiple different skeletal muscles!'?-14
and once on the diaphragm with moderate success (manuscript under review);”* if this

method can be successfully used on the diaphragm there would be an objective,

noninvasive, and inexpensive method of directly assessing respiratory function.

Stimulation of the Phrenic Nerve
Previous assessment of the fatigability of the diaphragm has been studied via
phrenic nerve stimulation in healthy populations and clinical populations with varying
success.® 777 This is done by stimulating either one phrenic nerve or both nerves
simultaneously to contract the hemidiaphragm or entire diaphragm, respectively.”” This
stimulation can be done via needle electrodes (invasive) or externally (noninvasive) by
placing two electrodes on either side of one of the sternocleidomastoid muscles.”: 76 78 79

These phrenic nerve stimulation techniques require a current and frequency that induces a

supramaximal contraction; this could be considered uncomfortable or painful and is
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disadvantageous for clinical populations.”: 7 These techniques, while generating useful
data, have not been received well in clinical settings due to the discomfort and technical
concerns surrounding them.® These downfalls can be improved upon with our method of
phrenic nerve stimulation to generate an assessment of diaphragm endurance. In our
testing method we will stimulate one phrenic nerve via external, non-invasive stimulation
using pencil electrodes; tin foil electrodes wrapped around pencils to create a circular,
2mm-diameter stimulation area. Testing just one phrenic nerve (and hemi diaphragm),
our test uses electrical stimulation in a submaximal, twitch contraction setting that will be

comfortable to most people and will not cause task failure post-test in any population.

Current Methods of Measuring Respiratory Function

The current methods of clinically assessing respiratory function are either
subjective or secondary to the diaphragm.® 3% 8! The measurements can be categorized as
strength measurements or endurance measurements. The most common strength
measurement is maximal inspiratory pressure, but there are many different ways to
measure this.®> A non-exhaustive list of other strength measures are: sniff nasal
inspiratory pressure, inspiratory mouth pressure, transdiaphragmatic pressure, electrical
supramaximal stimulation of the phrenic nerve. There are disadvantages with each of
these tests performed.® 7% 782 Vital capacity another common measure of respiratory
strength; it is a volitional test requiring a best effort by the patient measuring the total
exhalation volume from a patient who has maximally inspired. This can be problematic
because there may be decreased motivation to perform the test at maximal effort and thus

the data would be skewed.?® Another reason that this test is not reliable is because it does
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not give specific information about the respiratory muscles.® 8 The data collected by this
test could be a result of other issues besides respiratory muscle impairment present in the
patient because systemic diseases can also negatively affect the measurements.® Testing
mouth pressures is also a common practice performed to determine respiratory function;
this test includes the patient giving a maximal inhalation and a maximal exhalation to
determine the strength of the muscles.®! This is a volitional test requiring the patient to
have adequate motivation to perform at their maximum and solely measures strength,
which may not be the best way to assess respiratory function.® Lastly, a method that is not
volitional and does measure a major respiratory muscle is phrenic nerve stimulation.5 75-80
This method is similar to the method we are proposing in this thesis, but there remains a
fundamental difference in the testing protocol and what the outcome measure is. The
method currently used requires muscle stimulation noninvasively through the phrenic
nerves located in the neck to produce a supramaximal contraction of the diaphragm. This
contraction may be uncomfortable to patients due to the stimulation frequency used to
achieve the desired force.”7” This test determines diaphragmatic muscle strength.
Respiratory muscle endurance may be a more applicable measurement to obtain.’
Respiratory muscle endurance may be a more reliable measure of respiratory
function. These measurements are taken less often because they are not as simple as the
respiratory strength measurements. There have been a few attempts to create a clinically
relevant measurement technique assessing respiratory endurance, but it has proven
difficult.®3 Some of the methods tried are negative-pressure inspiratory-threshold loading,
maximal voluntary ventilation, or maximal loading test.®* 85 A threshold loading test is a

volitional test requiring the participant to inspire against increasing resistance loads until
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exhaustion.®® A maximal loading test requires the participant to inspire against 80% of
their determined maximal inspiratory resistance load and then measures the amount of
time until failure.®* All of these measures are volitional, which as explained previously,
has distinct disadvantages. Based off of current techniques and the downfalls of both
measurement collection and what is measured, there is a need for an inexpensive, non-

invasive, direct way to assess respiratory function in the clinical setting.

18



CHAPTER 3
ASSESSING RESPIRATORY FUNCTION USING THE 5-MINUTE ENDURANCE

TEST PROTOCOL!

!'Wachsmuth, H.R. and K.K. McCully. To be submitted to MMSE
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Abstract
There is a need for objective, diaphragm-specific respiratory function measurements
applicable to clinical settings. PURPOSE: To establish an improved measurement of
respiratory function via assessment of diaphragm endurance. METHODS: 20 healthy
subjects, highly active (HA) (n=10) or inactive (IN) (n=10), were tested using electrical
stimulation (5 Hz, 5-minutes) on both the phrenic nerve and vastus lateralis on one
testing occasion. Stimulation electrodes were placed on one phrenic nerve, and a current
producing a vigorous contraction was used. An accelerometer collecting at 400Hz was
placed on the abdomen. The same protocol was used on the vastus lateralis muscle. An
endurance index (EI) was calculated from the acceleration values at 2 (EI2), 5 minutes
(EI5), and 5 minutes for the vastus lateralis (EIVL). RESULTS: EI2 of IN and HA were
68.8+16.3% and 92.848.7% respectively (p=0.001). EI5 of IN and HA were 62.6+12.4%
and 85.7+13.6% respectively (p=0.001). The correlation of EI2 and EIS was .588. EIVL
of IN and HA were 94.4+7.0% and 98.6+4.3% respectively (p>0.1). CONCLUSIONS:
The higher trained subjects had higher diaphragm muscle endurance with all analysis
approaches, supporting the use of the endurance test to evaluate respiratory muscle

endurance.

KEY WORDS: accelerometry, diaphragm, electrical twitch mechanomyography, muscle

fatigue, muscle endurance, respiration, respiratory function, respiratory health
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Introduction

Respiratory dysfunction and respiratory failure are severe medical issues, caused
by a multitude of different conditions, which profoundly impact the cost of health care
and both long-term and short-term patient survival. Some of these causes are mechanical
ventilation, lung disease, nerve damage, and neuromuscular diseases. Acute respiratory
failure (ARF) is commonly seen in hospitalized patients; it can lead to further
complications and, if severe, death. ARF accounted for 137.1 out of 100,000
hospitalizations of patients 5 or more years old according to the 1994 Nationwide
Inpatient Sample.! Concurrent with the increase in ARF morbidity and mortality
associated with ARF, there is an increased medical cost; the total impatient cost of ARF
patients increasing from $30.1 billion in 2001 to $54.3 billion in 2009.?
The diaphragm is one of the primary inspiratory muscles, and it is essential for
respiration.® # The diaphragm includes 2 parts: costal and crural; the costal portion of the
diaphragm is the contractile portion and is split into 2 halves, or hemidiaphragms.>” Each
hemidiaphragm is innervated by a phrenic nerve that originates at the C3-C5 vertebral
level of the spinal cord and running down the neck behind the sternocleidomastoid
muscle on their respective sides. The left phrenic nerve innervating the left
hemidiaphragm and the right nerve innervating the right hemidiaphragm.5 % ° During
inspiration, the costal portion of the diaphragm contracts and reduces thoracic pressure by
increasing the volume of the thoracic cavity. This reduction in thoracic pressure allows
for air to flow down a pressure gradient from outside of the body into the lungs.® The
diaphragm is made up of about 50% slow and 50% fast fibers.!* !! This indicates that it

can contract quickly but not with great force; this is beneficial for its role in exercise.
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Because of the role that the diaphragm plays as the main inspiratory force in both rest and
exercise, it should be assessed when determining respiratory health.

The current methods of clinically assessing respiratory function are either
subjective or secondary to the respiratory muscles.!? Based off of these techniques used
commonly and the downfalls of both measurement collection and what is measured, there
is a need for an inexpensive, non-invasive, direct way to assess respiratory function in the
clinical setting.

Muscle fatigability is a good indicator of muscle quality and could be assessed in
the diaphragm to determine respiratory health and function. One way to assess muscle
fatigability is an endurance test. There have been studies testing the efficacy and clinical
relevance of this method of assessing muscle endurance in both healthy and clinical
populations with success.!*!8 This endurance test has been established on multiple
different skeletal muscles'* !> 18 and once on the diaphragm with moderate success
(manuscript under review);!? if this method can be successfully used on the diaphragm
there would be an objective, noninvasive, and inexpensive method of directly assessing
respiratory function.

The aims of this study are to validate a novel measurement of respiratory function
via measuring the endurance of the diaphragm in young inactive and highly active
populations and to evaluate the use of a shortened, 2-minute endurance test. The vastus
lateralis will also be tested via endurance test to have another marker of training status
and to see if there is a correlation between the endurance indexes of the two muscles. We
believe that the highly active participants will have higher endurance in the diaphragm at

both the 2-minute and 5-minute parts of the endurance test. We believe that the highly
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active group will also have greater endurance of the vastus lateralis and that the vastus
lateralis endurance values will be higher across all subjects than their diaphragm
endurance values. We believe that there will be a statistically significant correlation
between the 2-minute and 5-minute endurance values for the diaphragm muscle. We
believe that the vastus lateralis 5-minute endurance index will correlate with both the 2-
minute and 5-minute endurance index of the diaphragm.

Methods
Study Participants:

Twenty healthy, able-bodied, young adults (18-40 years old) were recruited to
participate in this study (Table 1). There were two groups recruited during this study:
healthy, inactive young adults and healthy (IN) (n=10), highly active young adults (HA)
(n=10). The activity categorization was determined by a blinded researcher with expertise
in the area. This study was approved by the Institutional Review Board at the University
of Georgia. All participants provided an informed consent prior to testing procedures
beginning. Individuals were excluded based on the following criteria: previous or current
musculoskeletal injury or illness that would make electrical stimulation of the neck
painful or unsafe, previous or current musculoskeletal injury or disease that would make
electrical stimulation of the diaphragm unsafe, or evidence of any medical condition that
would make participation in the study unsafe. Participation was voluntary and the
participants were able to stop participating at any time.

Experimental Design:
The study consisted of one test occasion lasting 15-30 minutes and three parts.

Part 1: Validation of a measurement of respiratory function, as assessed by endurance
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index of the 5-minute endurance test protocol, in 2 different groups: young, highly active
adults and young, inactive adults. Part 2: Evaluate the use of acceleration after two
minutes of stimulation (2-minute endurance test) in the diaphragm. Part 3: Evaluate the
endurance of the vastus lateralis muscle of the quadriceps and determine the relationship
of the vastus lateralis endurance and the diaphragm endurance indexes.

Measurements:

The Endurance Index (EI) of both the diaphragm and the vastus lateralis was
determined in this study. The protocol for getting the EI of the diaphragm is to stimulate
one hemidiaphragm via stimulation of the phrenic nerve. This is achieved with two pencil
electrodes made by the researchers and ultrasound gel as a conducting agent; a tin foil
electrode is placed on the end of a pencil so as to create a 2mm diameter electrode that
can be placed and held on the participant’s neck throughout the duration of the test. The
left hemidiaphragm was the first attempt to stimulate, if locating that was unsuccessful or
generated vigorous arm movement via stimulation of the brachial plexus, the right
hemidiaphragm was stimulated. Once the phrenic nerve was located and the stimulation
current was adequate to generate a vigorous contraction (36.5+10.9mA), the assistant
researcher unplugged the stimulation cord so as to not keep stimulating the muscle before
the accelerometer was placed. The assistant then placed a wireless triaxial accelerometer
(WAX3, Axivity, UK) on the abdomen of the participant (1 inch below the xyphoid
process and "2 inch medial to the rib cage of the side of stimulation) and plugged the
stimulation cord in to begin the test. This test protocol was electrical stimulation at SHz
for 5 minutes. Participants were in a supine position throughout the test. This same

protocol was followed for the vastus lateralis with one main deviation: adhesive electrode
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pads were used instead of pencil electrodes. The pads were placed at the distal and
proximal ends of the muscle (1 inch from the distal end and 3 inches from the proximal
end. The accelerometer was placed in between the electrode pads on the belly of the
muscle.
Data Analysis

The accelerometer was collecting data at a frequency of 400Hz and the
parameters were set at 2gs to ensure a higher quality resolution of smaller magnitude
forces. The data from the accelerometer was then exported as a raw CSV file and
analyzed in MATLAB (Mathworks, Natick, MA). A custom analysis programs was
written to analyze the endurance test. The diaphragm specific program was written to
collect the maximum value generated every 10 seconds by the diaphragm twitch
contraction. This was written to negate the inspiratory breathing effect of overriding the
stimulation current and making acceleration values decrease. The EI5 values calculated
for the diaphragm are an average measure of the final 3 (30 seconds) maximum
acceleration values compared to the average acceleration values in the first 3 values (30
seconds); the EI2 values calculated for the diaphragm were an average measure of 2
acceleration values at the 110 and 120 second points compared to the average
acceleration in the first 2 acceleration values of the first 2 points (20 seconds). These
values were determined by a blinded researcher. The vastus lateralis endurance test was
analyzed by a custom analysis program in MATLAB. This analysis program takes
continuous data points throughout the entire test to create an endurance index from an

average of the maximum 3 acceleration values in the first 1 minute and the average of the
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acceleration values in the last 20 seconds of the test. These were analyzed using SPSS
software (IBM Corp., Armonk, NY).
Results

Participant characteristics are listed in Table 1. The test was successfully
completed 28/42 times. Twenty out of the 28 successful tests were included in this study;
they were chosen based on the quality of the tests. The right phrenic nerve was used in
the case of 4 participants, in which the left phrenic nerve could not be isolated. No
participants reported any major adverse effects from testing.

Two representative samples of the diaphragm endurance test demonstrating the
two distinct breathing patterns of twitch (A) and inspiration override (B) are shown in
Figure 1. There were some participants that demonstrated a ‘mix’ breathing pattern
exhibiting qualities of both the twitch and the inspiration override patterns. The breathing
patterns were significantly different between groups with the IN group exhibiting n=7
twitch, n=3 mix and HA exhibiting n=2 twitch, n=4 mix, and n=4 inspiration override
(p=0.006).

The average 5-minute endurance index (EIS5) was significantly different between
the two groups (IN=62.6+12.4%, HA=85.7+13.6%, p=0.001) (Figure 2). The average 2-
minute endurance index (EI2) was also significantly different between groups
(IN=68.8+16.3%, HA=92.84+8.7%, p=0.001) (Figure 3). A Pearson Correlation was run
on the EI2 and EIS5 values to test their relationship; it was significant at the p=0.01 level
with R=0.588 and an R? = 0.345 (Figure 4A). A Bland-Altman plot was generated to
show outliers; there were 11 points outside of the 95% confidence interval (-0.815,

14.081). There was no significant slope of the plot (figure 4B). There was a significant
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difference in EI2 and EI5 between groups based on groups of activity hours/week;
activity hours were grouped as follows: 0=0hr/wk, 1=1-3hr/wk, 2=4-6hr/wk, 3=7-9hr/wk,
4=>9hr/wk. EI2: Groups 3 and 4 were significantly different than groups 0 and 1; 0*3
(p=0.1), 0*4 (p=0.1), 1*3(p=0.05), and 1*4(p=0.05) (Figure 5). EI5: Groups 3 and 4 were
significantly different than groups 0 and 1 and group 4 was also significantly different
than group 2; 0*3 (p=0.05), 0*4 (p=0.01), 1*3(p=0.05), 1*4(p=0.01), and 2*4(p=0.1)
(Figure 6).

The average 5-minute endurance index of the vastus lateralis (EIVL) was not
significantly different between groups (IN=94.44+7.0%, HA=98.6+4.3%). A Pearson
Correlation was run on the EI2 and EIVL values to test their relationship; it was
significant at the p=0.05 level with R=0.568 (Figure 7). There was no significant
relationship between the EI5 and EIVL values. 4 participants (IN=3, HA=1) did not have
the endurance test conducted on their vastus lateralis muscle and therefore did not have
EIVL data.

The time to fatigue of each group was: IN=30.0+33.3s and HA=206.0+106.4s and
was significantly variable between groups, so significance could not be measured. This
data was further exemplified in a dot plot with means and standard deviations to illustrate
individual data points (Figure 8).

The average current used, age, weight, height, time to find the phrenic nerve, and
side used were not significantly variable between the two groups. Sex was significantly
variable between the two groups, but there were no significant differences in the EI2

values (p=0.47). There was a significant difference in the EI5 values based on sex

(p=.05).
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Discussion

This study showed that the diaphragm-specific endurance test was sensitive to
training status as expected based on previous studies?® and can be used to evaluate
respiratory function in healthy populations. Diaphragm fatigue previously reported in
another phrenic nerve stimulation study of healthy subjects was 28.1% which is
consistent with the values from this study and the previous study conducted in our lab'?;
it should be noted that the protocol to induce fatigue was different than this protocol.?!
The sensitivity of this test to respiratory function differences in other populations should
be tested to determine the clinical significance of this testing method. One of the most
important potential future uses for this test is to determine populations ‘at risk’ for
developing respiratory failure due to mechanical ventilation methods. Due to the
diaphragmatic atrophy and weakness caused by prolonged mechanical ventilation,?2-24
this protocol could be used to determine whether a physician needs to consider other
options or use preventative methods prior to or during any procedure requiring
mechanical ventilation.

This study demonstrates the difficulty surrounding this testing method and the
usefulness of a 2-minute endurance index for the diaphragm, which may be better
tolerated by clinical populations and have a higher test success rate. The success rate was
64% which is lower than the success rate seen in previous studies, but that could be due
to the decreased number of practice tests prior to data collection. Our lab has reported a
success rate of 88% with this test before with the tester having approximately 15 practice
tests prior to data collection.!” The success rate for the EI2 was not analyzed in this study

but should be to determine whether or not to create a modified protocol. Since the 2-
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minute endurance index is not highly correlated with the 5-minute endurance index
values this relationship and the validity of the EI2 should be further explored. This 5-
minute endurance protocol has been used in a 9-minute format previously and since been
adapted based on the high correlation of values of the two tests.!416: 18

There were two distinct breathing patterns seen in this study; a ‘twitch breathing
pattern’ and an ‘inspiration override breathing pattern’ with a mixture also being present
in some participants (Figure 1). The difference of frequency in the breathing patterns in
the two groups could be another indicator of respiratory function, but further testing
should be done to determine this. Whether these breathing patterns have an effect on the
subsequent endurance index values should also be determined via future tests.

Conclusions

The endurance of the diaphragm as assessed by this test increased with training
status, indicative of the sensitivity of this test to respiratory function. This test is difficult
to perform without many practice trials, but the 2-minute protocol could increase success
rates if the values are reliable. There are more tests that should be conducted on this
protocol to determine its reliability and readiness for the clinical setting. This may be a
useful tool to be used in the clinical setting to determine populations requiring
preventative measures during mechanical ventilation.

Figure Legends

Figure 3.1: A representative diaphragm endurance test showing the resultant vector of
acceleration for A) a twitch breathing pattern and B) an inspiration override breathing

pattern.
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Figure 3.2: 5-minute endurance index test values of the inactive and highly active groups.
There was a statistically significant difference between groups (p=0.001). Data shown are
individual data points with mean and standard deviation.

Figure 3.3: 2-minute endurance index test values of the inactive and highly active groups.
There was a statistically significant difference between groups (p=0.001). Data shown are
individual data points with mean and standard deviation.

Figure 3.4: Relationship between EI5 and EI2. A Pearson Correlation was run and there
was a statistically significant correlation of 0.588 (p=0.01). B) A Bland-Altman plot of
the differences and the means of individuals. The red line indicates the mean of the
differences and the green lines indicate the upper and lower limits of the 95% confidence
interval.

Figure 3.5: 2-minute endurance test values based on number of activity hours per week.
As indicated by a single star, group 0 was significantly different from groups 3 and 4
(p=0.1). As indicated by a double star, group 1 was significantly different from groups 3
and 4 (p=0.05). Data shown are mean and standard deviation.

Figure 3.6: 5-minute endurance test values based on number of activity hours per week.
As indicated by a single star, group 2 was significantly different from group 4 (p=0.1).
As indicated by a double star, group 3 was significantly different from groups 0 and 1
(p=0.05). As indicated by a triple star, group 4 was significantly different from groups 0
and 1 (p=0.01). Data shown are mean and standard deviation.

Figure 3.7: Relationship between EIVL and EI2. A Pearson Correlation was run and there

was a statistically significant correlation of 0.568 (p=0.05).
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Figure 3.8: Time to fatigue in seconds of the inactive and highly active groups. There was
not statistically significant difference between groups. Data shown are individual data

points with mean and standard deviation.
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Table 3.1

Activity

Males Females Height Weight Age

Category (cm) (kg) (years)
Inactive 5 5 Mean 171.7 68.73 24.1
STDEV 11.87 15.27 3.43
Highly 8 2 Mean 176.02 76.45 24.6
Active STDEV 8.13 11.29 3.95
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Figure 3.1
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Figure 3.2

Individual Points and Means of EI5
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Figure 3.3
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Figure 3.7
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Figure 3.8
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CHAPTER 4
CONCLUSIONS

This study evaluated the endurance index for the diaphragm muscle. As part of
the process for validating the method, this study evaluated trained and untrained subjects.
Much like the paper by Brizendine et al, this study showed that trained subjects had
higher diaphragm endurance index values that untrained subjects. Because previous
studies have showed trained subjects to have higher respiratory endurance than untrained
subjects, our study could be considered a validation study. This is just the first step,
future studies need to do other validation tests such as testing the effects of the breathing
patterns, current level, and phrenic nerve side on the endurance index values.

A potential limitation of this study was the technical expertise needed to perform
the EI measurements through the phrenic nerve. The test required the researcher to find
the phrenic nerve with little to no stimulation of the brachial plexus; on some participants
this was a small stimulation area and thus difficult to find and maintain. Holding the
electrodes in the same position for 5 minutes was difficult for the tester. Any movement
of the electrodes could result in a lost contraction or a diminished contraction. This
method should be improved upon in subsequent studies to allow for greater success rates
of testing. The two major factors of if a test would be successful were the number of prior
tests and how recently the researcher had completed a test. As testing increased there was
an increase in the testers success rates and with lulls in testing there was a decrease in

success rate. One approach to make the diaphragm endurance test easier to perform
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would be to shorten the test. This study evaluated a two-minute version of the five-
minute endurance test. These values were seen to be only weakly associated with each
other. This indicates that further testing of the 2-minute modified version should be done
prior to using it in place of the current 5-minute test.

While analyzing the data from this study, the investigator noticed that the time
when most of the loss of acceleration occurred was different between the two groups. In
the inactive groups there appeared to be a quicker loss of acceleration in comparison to
the highly active groups. This could be another indicator of respiratory fitness and should
be further investigated to see if there is an implication of respiratory health dependent on
the rate at which fatigue occurs.

While analyzing data in this study the investigator noticed that there seemed to be
two different breathing patterns by the research subjects. When the diaphragm is
contracting during inspiration, the diaphragm muscle maybe stiffer and thus the
acceleration is decreased. This could have had an impact on endurance index values. In
studies of respiration or heart rate variability, there is a debate as to whether to use a
forced breathing pattern or let the subject breathe spontaneously. In this study the
subjects were told to breathe in a way that was comfortable to them. The impact on
breathing pattern should be studied to determine if in subsequent studies there should be a
standardization of breathing patterns.

One of the long-term goals for the diaphragm endurance test is to study patients
with suspected diaphragm impairments. They should have much lower endurance index
values. This study was to study older adults, but they were not tested due to limitations in

recruitment. We believed that older adults would have a decreased diaphragm endurance
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compared to the younger populations. The major population that should be tested to
improve and create clinical significance of this test is older inactive adults. It would allow
us to determine what an ‘at risk’ diaphragm endurance profile would look like. This
could then be utilized to evaluate patients determine what preventative steps should be
taken to ensure acute respiratory failure does not occur.

In conclusion, this test, while difficult to conduct in its current methodology,
appears to be sensitive to differences in respiratory muscle training and could be a
promising clinical test used to prevent serious respiratory problems. This is a novel,
inexpensive protocol that includes submaximal contractions, is non-invasive, and still
diaphragm specific. There are different experiments that should be completed to further
ensure the reliability and sensitivity of this test that were previously stated. Some of these
conditions are currently being tested and will provide further insight into the usefulness

of this test in a clinical setting.
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