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ABSTRACT

Muscle performance, particularly muscle fatigue and muscle recovery, impact an
individual’s function and participation in activities of life. Most notably, older adults with
medical co-morbidities experience impaired muscle performance from the natural aging
process, cumulative effects of a sedentary lifestyle, or imposed bedrest, contributing to a
significant reduction in health and quality of life.! Exercise, particularly muscle strength,
endurance, and power training, is considered “medicine” and often prescribed to improve
the health and well-being of older adults, as well as younger adults.> An appropriate
exercise prescription requires knowledge of muscle fatigue and recovery in order to
optimize the exercise program without preventing further muscle damage. Muscle fatigue
and recovery have been characterized using frequency analyses of surface
electromyography (SEMG) during muscle activation.’

Surface EMG measures electrical activity of a muscle, providing insight into
muscle activation patterns.” Conveniently, the sensors for SEMG are noninvasive,
wireless, and compact, allowing capture of movement in a multitude of environments
with minimal impact on typical movement patterns. By using SEMG to assess patterns
during and after sustained isometric and dynamic knee extension, we hoped to determine
baseline muscle fatigue and recovery patterns in subjects with no physical limitations for
comparison with adults who are critically ill.

The primary objective of this study is to improve our understanding of muscle
fatigue and recovery in adults who are critically ill using SEMG technology and

experimental procedures to be used in an intensive care unit (ICU) environment.
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We proposed to study muscle fatigue and recovery using sEMG through muscle
activation analysis.

The specific aims were to 1) measure time to task failure (TTTF) after a sub-
maximal isometric contraction and dynamic contraction in adults who were healthy
younger (HY), adults who were healthy older (HO) adults, and adults who were critically
ill (CI); 2) measure time to muscle recovery after a sub-maximal isometric contraction
and dynamic contraction in HY, HO, and CI; and 3) characterize a relationship between
TTTF and time to recovery. Our hypotheses were that 1) CI would demonstrate a shorter
TTTF than healthy subjects during an isometric contraction and dynamic contraction; 2)
HY would demonstrate a shorter time to recovery, followed by HO, then CI after both an
isometric contraction and dynamic contractions; and 3) there was no relationship between
TTTF and time to recovery within group.

Muscle fatigue and recovery were measured in the rectus femoris and vastus
lateralis using sSEMG. During a single 90 minute session, subjects participated in a 3
phase protocol: baseline strength measures, fatiguing contraction, and recovery
contractions.  The fatiguing contraction and subsequent recovery measures were
performed twice — under isometric and dynamic conditions. Recovery measures were
taken at termination (analysis point C), 1 minute (analysis point D), and > 5 minutes
(analysis point E). Sub-maximal indicated that the individual decided how long to keep
their knee extended and stopped the contraction on their own at any time. Time to task
failure and time to recovery amongst all 3 groups (HY, HO, and CI) were the basis for
analysis of the dependent variables of SEMG — time (seconds) and median frequency

(F med) .
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After the isometric contraction, CI fatigued first, followed by HY, then HO.
There was a statistically significant difference among TTTF and group (chi-squared with
two degrees of freedom, p = 0.03). A Wilxocon rank sum test showed statistically
significant differences between HY and HO (p = 0.03) and HO and CI (p = 0.02), but no
statistically significant difference between HY and CI (p = 0.45).

After the dynamic contraction, CI fatigued first, followed by HO, then HY. There
was a statistically significant difference among TTTF and group (chi-squared with two
degrees of freedom, p = 0.04). A Wilxocon rank sum test showed statistically significant
difference between HY and CI (p = 0.02) and HO and CI (p = 0.02), but no statistically
significant difference between HY and HO (p = 0.73).

Chi-squared analysis between time to recovery and age group for both an
isometric and dynamic contractions was performed. There was not a statistically
significant difference for time to recovery between groups.

After the isometric contraction, for the rectus femoris, all groups had a high
percentage of subjects finish at analysis point E, with HY and HO having the same
percentage recover at analysis point C and D, respectively. For the vastus lateralis,
among the three groups, the HY had the highest percentage recovered at analysis point C.
However, the largest percentage of HY subjects recovered at analysis point E. The HO
and CI had the same percentage of subjects within group recover at analysis point D and
E.

After a dynamic contraction, for the rectus femoris, the highest percentage of HY

and HO recovered at analysis point C, and CI at analysis point E.



For the vastus lateralis, all groups had the highest percentage of subjects recover at
analysis point C, with the HO and CI having all subjects recover before analysis point E.

Our third hypothesis was that there was no relationship between TTTF and time
to recovery within group. For an isometric contraction, the HY’s rectus femoris and
vastus lateralis demonstrated a very weak — weak, positive correlation between TTTF and
time to recovery. For a dynamic contraction, all, with the exception of HO’s vastus
lateralis and CI’s rectus femoris, showed no association. HO’s vastus lateralis showed a
weak, positive correlation, while the CI’s rectus femoris showed a moderate, negative
correlation. None were statistically significant.

This was the first study, to our knowledge, that studied muscle fatigue and muscle
recovery using SEMG in patients with critical illness. From a study design perspective,
the use of SEMG using Bluetooth technology was safe and feasible in the ICU setting.
No adverse effects and excessive soreness were reported in CI. From a clinical
perspective, despite a small sample size, CI showed comparable time to task failure and
recovery time frames to HY and HO, indicating that perhaps patients do not need
extensive five to ten minute rest breaks as commonly provided. Consideration to applied
weight, as well as muscle fatigue and muscle recovery, should be given when designing
an exercise program to appropriately tax the vulnerable muscle, while still preventing
further muscle damage.

Future research warrant a larger, more homogenous group of subjects, including
similar diagnosis, severity of illness, and supplemental oxygenation. Secondly, efforts
should be made to conduct testing in the ICU around comparable days to their length of

stay. Thirdly, ideal testing should be performed prior to initiation of early mobility to
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capture a more authentic representation of muscle fatigue and recovery, resulting from
ICUAW. All three modifications would assist in making results more generalizable. In
addition, follow up sEMG analysis should be conducted to assess the effect of therapeutic
interventions on muscle strength, fatigue, and recovery. Consideration must also be
given to medical management, including sedatives and paralytics, as well as pH, which if
in a more acidotic state, has greater hydrogen ions, which could influence fatigue. Lastly,
being that sepsis is a primary admitting diagnosis and these indivivduals may present
with muscle weakness that is not necessarily ICUAW, efforts should be made to assess if

there is a difference in SEMG signals between muscle wasting from sepsis and I[CUAW.
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CHAPTER 1

INTRODUCTION

Significance

According to the Administration on Aging, a large increase in the population 65
years and older occurred, growing from 3.1 million in 1900 to 35 million in 2000." By the
year 2060, it is projected that there will be 98.2 million people above the age of 65 years.'
The aging population experiences sarcopenia, which leads to reduced functional and an
increased risk of developing chronic metabolic disease.’” Additionally, an aging
population results in increases in comorbidities, as approximately 75% of older adults
have at least one. As the number of chronic conditions increases, so does the risk of
dying prematurely, being hospitalized, and poorer day-to-day function.®’

Not surprisingly, given this increase in an older, potentially weaker, and more
medically complex population, more than 5.7 million patients are admitted annually to
intensive care units (ICUs) in the United States (U.S.).* Approximately 20% of all acute
care admissions are to an ICU; and approximately 58% of inpatient admissions from the
emergency department are direct ICU admissions.® The five primary ICU admission
diagnoses for adults are 1) respiratory system diagnosis with ventilator support, 2) acute
myocardial infarction, 3) intracranial hemorrhage or cerebral infarction, 4) percutaneous
cardiovascular procedure with drug-eluting stent, and 5) septicemia or severe sepsis

without mechanical ventilation.®



Figure 1.1 Mechanical Ventilator.
The blue tubing connects the ventilator to the patient either orally or via tracheostomy.

The most common ICU technological support is mechanical ventilation, with 20-
30% of U.S. ICU admissions requiring this type of intervention.® Mechanical ventilation
can fully or partially replace spontaneous breathing (Figure 1.1). It is indicated for acute
or chronic respiratory failure, which is defined as insufficient oxygenation, insufficient
alveolar ventilation, or both.” As a result of such invasive and life-saving treatments,
patients are routinely placed on bed rest to reduce oxygen consumption and allow healing
and recovery from the primary illness."® In addition, sedatives and neuromuscular
blocking agents may be used to avoid pain and promote ventilator synchrony, prolonging
the time of bed rest and immobility.'” Despite having beneficial effects, bed rest puts
patients at risk for musculoskeletal impairments, including muscle atrophy, decreased
muscle strength, decreased exercise capacity, connective tissue shortening and joint

contractures, amongst the other stated above."'



These musculoskeletal effects of bed rest are generally quite familiar to physical
therapists, however, bed rest combined with critical illness leads to additional decreased
muscle protein synthesis and even greater decreases in muscle mass, especially in the
lower extremities.''

This combination of bed rest, critical illness, and mechanical ventilation is
associated with a condition termed intensive care unit acquired weakness (ICUAW).
ICUAW is defined as the rapid muscle atrophy and muscle weakness detected with no
plausible etiology other than critical illness and may be diagnosed by
electrophysiological studies.'” Patients with ICUAW may exhibit polyneuropathy
(peripheral nerve imparments) and/or myopathy (muscle impairments) which are
classified in three categories: critical illness polyneuropathy, critical illness myopathy, or
critical illness neuromyopathy. '

Muscle weakness and atrophy have long been recognized as outcomes of severe
illness. In recent decades, greater survival of patients who were critically ill has provided
the opportunity to identify and characterize a syndrome of neuromuscular dysfunction
acquired in the absence of specific causative factors other than the underlying critical
illness and its treatment.'> The frequency of clinical muscle weakness is reported in 25%
to 33% of patients who are mechanically ventilated for four to seven days, and in 60% of
patients with acute respiratory distress syndrome (ARDS).”  ARDS is an intense
inflammation of the lung tissue, caused by a variety of factors.'* This subsequently
results in loss of lung function, where the alveoli lose their ability to exchange oxygen
and carbon dioxide with blood. The loss of alveolar function is due to the collapse of the

air sacs and leakage of fluid into the air sacs."* The sequence of events can occur rapidly,
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leading to low oxygen levels in the blood."* It can be life threatening, as vital organs’
functions may become altered without oxygen-rich blood."

Patients with ICUAW report persistent functional impairments at 1-year post
discharge, with muscle atrophy and weakness noted as significant contributing
factors.'® Proximal muscles, such as the gluteus maximus and quadriceps femoris
muscles, are used for such functional tasks as transfers and ambulation. These muscle
groups experience greater weakness than distal muscles due to systemic corticosteroid

" Tn addition, ICU survivors also often have lower bone

use and metabolic changes.
mineral density, pressure ulcers, cognitive and psychological deficits, and secondary
pulmonary infections.'® These body structure changes often restrict a patient’s post-ICU
functional activities, resulting in prolonged psychological and physical recovery periods,
decreased rates of return to work, and reports of decreased quality of life.'®

In order to reduce the long term functional impairments noted in ICU survivors,
critical care medical teams and rehabilitation therapists have begun implementing and
early mobilization and rehabilitation programs. The term ‘early’ refers to rehabilitation
and mobilization activities that begins immediately after stabilization of physiologic
derangements, often before patients are liberated from mechanical ventilation and low-
dose vasopressor infusions.® Early mobilization and rehabilitation programs are safe and
feasible'’, and associated with improved functional outcomes at hospital discharge, a

shorter duration of delirium, decreased number of days receiving mechanical ventilation,

and a decreased length of stay in the ICU and hospital.'”'®



Though research has characterized the impact of ICUAW and early mobilization and
rehabilitation on adults with critical illness, research that guides the early mobilization
and rehabilitation programs in terms of balance of muscle strengthening and functional
training programs is lacking.

Muscle Performance

Muscle performance, including muscle strength, fatigue, and recovery, impact an
individual’s function and participation in activities of life. Most notably, adults, older
and/or with medical co-morbidities experience impaired muscle performance from the
natural aging process, criticall illness, cumulative effects of a sedentary lifestyle, and/or
imposed bed rest, leading to a significant impact on health and quality of life.'

Muscle fatigue is defined as any exercise-induced reduction in the ability to
produce force or power.* If the contraction of a muscle is sustained with enough force
for a long enough period, the conduction velocity of the action potentials along the
muscle fibers begin to slow down and the muscle begins to discharge or twitch less
frequently. This outcome can be seen during 1 — 5 minutes of continuous muscle
contraction at 11% of maximal voluntary contraction."’

It is suggested that fatigue be divided into 3 categories. The first is subjective,
which is characterized by a decline of alertness, mental concentration, motivation, and
other psychological factors. The second is objective, characterized by a decline in work
output. The third is physiological fatigue, characterized by changes in physiological
processes.”’  One type of physiological fatigue is induced by a sustained muscular
contraction. The effects of fatigue are localized to the muscle or group of synergistic

muscles performing the contraction, known as localized muscular fatigue.



Muscle fatigue and recovery was studied in younger and older populations, under
varying conditions using SEMG. Muscle activation and the time to failure for a sustained
isometric submaximal contraction with the dorsiflexor muscles under two conditions - a
force-control task and position-control task - was studied in older and younger health

adults.?!

The experimental force-control task consisted of subjects maintaining a force
that was equivalent of 30% maximal voluntary isometric contraction (MVIC) for as long
as possible with the ankle dorsiflexors. The position-control task consisted of subjects
maintaining a neutral ankle angle while supporting an inertial load equivalent to 30%
MVIC. Results concluded that a) time to failure was longer for the force-control

(10.4 £ 4.5 min) than position-control (8.6 & 3.4 min) task for the young and older adults,
and b) older adults had a longer time to task failure than the younger olders for both tasks
(11.4 + 4.4 vs. 8.1 + 2.1 min) under both conditions.”!

Another study investigated the differences in age related fatigue of the knee
extensors in 8 older and 8 younger men.””> On three separate days, subjects performed
either 30 slow (1.05 rad®s™) or 30 moderate (3.14 rad®s™) isovelocity contractions, or 30
fast unconstrained velocity contractions with a fixed resistance of 20% MVIC. At
baseline, peak power for the older men was 25%, 35%, and 42% less during the slow
(p <0.01) and moderate (p < 0.01) isovelocity tasks, and the unconstrained velocity task
(p <0.01) compared with the younger men, respectively.”” Results showed that older men
were more fatiguable compared with the younger men during the fast (~6.9 rad®s™)

. . 22 . .
unconstrained velocity knee extensor task.” However, fatigue was similar between age

groups for the slow and moderate isovelocity tasks.*



A third study compared fatigue and fatigue-related mechanisms in young and old
adults during a dynamic contraction with the elbow flexor muscles while supporting an
inertial load of 20%.> This study also compared fatigue in the young and old adult
groups during and after an isometric postural contraction of the elbow flexors while
maintaining 3 different inertial loads — 100%, 60%, and 80% MVIC. A third purpose
was to determine the contribution of central fatigue and contractile properties to fatigue
during and in recovery from the dynamic and isometric fatiguing contractions in young
and older men. Transcranial magnetic stimulation was applied to assess for central
fatigue. However, of primary interest to my research agenda are the first two aims. It
was concluded that for the isometric postural contraction, the time to task failure was
shorter for the young adults than that for the old adults. For the dynamic contraction, the
time to task failure was similar for the young and old adults. For recovery after the
isometric contraction, peak rates of relaxation did not change from initial control values
during the fatiguing contraction and at task failure, but increased for both the young and
old adults during recovery. For recovery after the dynamic contraction, peak rates of
relaxation decreased from initial control values during the fatiguing contraction and at
task failure for both older and younger men. During recovery however, peak rates of
relaxation increased for both young and old adults.’

Surface Electromyography

Surface electromyography (sEMG) is a measure of the myoelectic activity, the
electrical signal generated during muscle contraction.* The structural unit of a muscle
contraction is the muscle cell or muscle fiber. Muscle fibers are supplied by the terminal

branches of one nerve fiber or axon whose cell body is in the anterior horn of the spinal



grey matter. The terminal branch and all the muscle fibers supplied by these branches,
together constitute a motor unit. The motor unit is the functional unit, with a descending
motorneuron causing all the muscle fibers in one motor unit to contract almost
simultaneously.”’ The electrical signal emitted by the muscle fiber during each activation
is referred to as the myoelectric signal and can be measured using EMG.* The output of
the EMG signal is a time series that allows quantificiation of muscle excitation.*® The
use of SEMG to study muscle function in aging adults could improve our understanding
of muscle performance.

sEMG has many applications. It can be used obtain parameters, such as force,
activation time, and fatigue, from individual or groups of muscles. sEMG can also be
used to compare behavior of different muscles, such as contribution to movement, co-
activation, and pattern identification.”” When studying localized muscular fatigue, the
frequency components of the surface EMG signal have been known to decrease when a
contraction is sustained.*

The median and mean frequencies are the preferred characteristic frequencies for
monitoring the frequency shift. The median frequency and mean frequency have both
been mathematically demonstrated to be linearly related to the average conduction
velocity of the muscle fibers. Both of these characteristics have been shown to decrease
as a function of time during a sustained contraction. After termination of a sustained
contraction, the median and mean frequencies monitored in the muscle have been

cq . . 20
observed to recover within 4-5 minutes.



Innovation

Clinical muscle tests (i.e. manual muscle tests) has been used to measure muscle
strength in adults who are critically ill. sEMG has been used to measure muscle fatigue
and recovery in healthy younger and older adults. However, no one to our knowledge
has looked at muscle fatigue and recovery in adults who are critically ill, let alone used
SEMG to study muscle muscle performance. Improved understanding of muscle fatigue
and recovery in adults who are critically ill could better guide early mobilization and
rehabilitation efforts directed at improving function. Therefore, the primary objective of
this study is to improve our understanding of muscle fatigue and recovery in adults who
are critically ill using SEMG technology and experimental procedures to be used in an
ICU environment.

Aims

The primary objective of this study is to improve our understanding of muscle
fatigue and recovery in adults who are critically ill using sSEMG technology and
experimental procedures to be used in an ICU environment. Muscle fatigue and recovery
was determined by measuring time to task failure (TTTF) and time to recovery in healthy
younger (HY), healthy older (HO), and critically ill (CI) after an isometric contraction
and dynamic contraction. The main variables of interest are time to task failure (seconds)

and time to recovery (seconds based on median frequency).



Aim I
To characterize TTTF amongst HY, HO, and CI after an isometric contraction and
dynamic contraction.
Hypothesis L.a
CI will demonstrate a shorter time to fatigue than HY, followed by HO during an
isometric contraction.
Hypothesis 1.b
CI will demonstrate a shorter time to fatigue, followed by HY and HO fatiguing at
comparable times during a dynamic contraction.
Aim 11
To characterize time to recovery amongst HY, HO, and CI after an isometric
contraction and dynamic contraction.
Hypothesis 11
HY will demonstrate the shortest time to recovery, followed by HO, then CI after
an isometric contraction and dynamic contraction.
Aim I
To explore the relationship between time to fatigue and time to recovery.
Hypothesis 111
There will be no difference in relationship between time to fatigue and time to

recovery within groups (young, older, critically ill).
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CHAPTER 2

INTENSIVE CARE UNIT ACQUIRED WEAKNESS: A REVIEW

Introduction

According to the Administration on Aging, a large increase in the population 65
years and older occurred, growing from 3.1 million in 1900 to 35 million in 2000." By the
year 2060, it is projected that there will be 98.2 million people above the age of 65 years.'
This increase in an aging population results in increases in comorbidities, as
approximately 75% of older adults have at least one. As a person’s number of chronic
conditions increases, so does the risk of dying prematurely, being hospitalized, and
poorer day-to-day function.®’

With an aging and medically complex population, more than 5.7 million patients
are admitted annually to intensive care units (ICUs) in the United States (U.S.) for
observational or invasive monitoring; support of airway, breathing or circulation;
stabilization of acute or life-threatening medical problems; comprehensive management
of injury and/or illness; and restoration to stable health status or comfort while dying
within an interdisciplinary and collaborative environment.® Approximately 20% of all
acute care admissions are to an ICU; and approximately 58% of inpatient admissions
from the emergency department are direct ICU admissions.®

Between 2000 and 2005, annual U.S. critical care medicine costs increased from
$56.6 billion to $81.7 billion, representing 13.4% of hospital costs, 4.1% of national
health expenditures, and 0.7% of gross domestic product. Cost savings of up to $1 billion

per quality life year gained can be attained with critical care management of severe
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sepsis, acute respiratory failure, and general critical care interventions.® This cost, which
does not include the cost of medical management post ICU stay, is likely to continue to
increase due to the aging and sicker population.

ICU patients are a heterogeneous population, but all share the need for frequent
assessment and greater need for technological support compared to patients admitted to
non-ICU beds. The most common ICU technological support is mechanical ventilation,
with 20-30% of U.S. ICU admissions requiring this type of intervention.®

Because of such necessary life-saving treatments, in combination with critical
illness and physiological changes, patients in the ICU are at risk of developing rapid
muscle atrophy and weakness. For patients in the ICU, this is commonly referred to as
intensive care unit acquired weakness (ICUAW). Pfoh, et al. identified that older age and
a greater number of comorbidities prior to the onset of acute respiratory distress
syndrome (ARDS), a common diagnosis of those admitted to the ICU, had a significant
associated decline in at least two of the following physical measures — muscle strength,
exercise capacity, and physical functioning. It is thought that these declines are not
representative of normal age-related changes but from the critical illness.>*

Because of these findings, critical care medical teams and rehabilitation therapists
have begun implementing early mobilization and rehabilitation programs. The programs
were found to be safe and feasible, and demonstrated better functional outcomes at
hospital discharge, a shorter duration of delirium, decreased number of days receiving
mechanical ventilation, and a decreased length of stay in the ICU and hospital.'”'®
However, an improved understanding of the impact of early mobilization and

rehabilitation on the patient’s clinical status, short and long term impact on return to
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function, and quality of life is needed. The aim of this paper is to summarize the current
state of science regarding ICUAW, including etiology, pathophysiology, and prognosis,
as well as diagnostic instruments, from a rehabilitation perspective.
Methods
Data Sources & Searches

A literature review was conducted of Ovid MEDLINE, PubMed, AMED, ERIC,
and CINAHL Plus databases and reference lists of included articles, relevant reviews, and
gray literature up to November, 2016. Search terms include ‘intensive care unit’,
‘intensive care unit acquired weakness’, ‘early mobilization’, ‘physical therapy’, and
‘electrophysiological testing’.

Study Selection

Studies in English were selected if they included public health impact, etiology,
pathophysiology, and diagnosis of ICUAW including instrumentation, diagnostic testing,
and outcome measure; used quantitative methods; and contained themes or descriptive
data relating to physical therapists' experiences working with patients with ICUAW.

Data Extraction & Quality Assessment

Data extraction included the study authors and year, settings, subject
characteristics, aims, and methods. Key themes, explanatory models/theories, and
implications for practice were extracted, and quality assessment was conducted.

Data Synthesis & Analysis

After review, articles were stratified into diagnostic, intervention, or prognostic

studies. Diagnostic  articles included risk factors, pathophysiology, and

methods/instrumentation used to diagnosis ICUAW. Intervention studies focused on
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current treatments, including early mobilization and rehabilitation, for ICUAW.
Prognostic studies identified short — ICU or hospital discharge — as well as long-term
outcomes. In prognostic studies, the impact of ICUAW was considered on all body
systems.

This review will (1) describe the public health impact, etiology, pathophysiology,
(2) identify diagnostic methods (3) describe rehabilitation interventions, and (4) identify
prognosticators for ICUAW. Lastly, the review identifies gaps between cellular and
system level mechanisms of ICUAW that can be impacted by rehabilitation interventions
to improve patient outcomes.

Results
Definition & Diagnosis of ICUAW

Muscle weakness and atrophy have long been recognized as secondary
impairments of severe illness. In recent decades, the greater survival rate of patients who
were critically ill has provided the opportunity to identify and characterize a syndrome of
neuromuscular dysfunction acquired in the absence of causative factors other than the
underlying critical illness and its treatment.'” ICUAW is a syndrome of generalized limb
weakness that develops while the patient is critically ill and for which there is no
alternate explanation other than critical illness itself.” It is diagnosed by: 1) generalized
weakness after the onset of critical illness; 2) diffuse bilateral weakness; 3) Medical
Research Council (MRC) SumScore < 48 or mean MRC Score <4 in all testable muscle
groups noted on > 2 occasions separated by >24 hours; 4) dependence on mechanical

ventilation; and 5) cause of weakness not related to underlying critical illness."?
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ICUAW and documented polyneuropathy and/or myopathy are classified in three
categories: critical illness polyneuropathy (CIP), critical illness myopathy (CIM), or
critical illness neuromyopathy (CINM)."

For CIP, prospective studies indicate it occurs in 50% - 70% of patients suffering
from systemic inflammatory response syndrome (SIRS).*® SIRS is defined by two of the
following variables: fever > 38°C or < 36°C, heart rate > 90 bpm, respiratory rate > 20
bpm or arterial carbon dioxide tension < 32 mmHg, and abnormal white blood cell count
(>12,000/uL or < 4,000/uL or >10% immature [band] forms).?® SIRS occurs in 20% -
50% of patients in ICUs. Because these patients may have altered cognitive status, which
is required to assess strength and sensation, it may be difficult to examine the
neuromuscular system. As a result, the polyneuropathy may not be identified clinically
in half of the ICU patients who truly have polyneuropathy.*®

An axonal sensory-motor polyneuropathy is diagnosed in individuals with
ICUAW by presence of normal nerve conduction velocities, combined with decreased
compound muscle action potentials (CMAP) and sensory nerve action potential (SNAP)
amplitudes on electrophysiological examination. However, individuals with ICUAW
who have reduced conduction velocities with preserved CMAP and SNAP amplitudes
indicate a demyelinating, sensory-motor polyneuropathy.'>

Based on the above, the five diagnostic criteria for CIP include: 1) a diagnosis of
ICUAW; 2) CMAP amplitudes decreased to < 80% of lower limit of normal in > 2
nerves; 3) SNAP amplitudes are decreased to < 80% of lower limit of normal in > 2
nerves; 4) normal or near-normal nerve conduction velocities without conduction block;

and 5) absence of a decremental response on repetitive nerve stimulation.'>
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CIM, the second category of ICUAW, is characterized by diffuse, flaccid
weakness, involving muscles of all four extremities as well as the neck flexors, facial
muscles, and diaphragm.”® Myopathy, often indicated by short-duration, low-amplitude
motor unit potentials, is a sign of reduced functional muscle fibers within each motor
unit. Long duration, high amplitude polyphasic motor unit potentials, after a period of no
electrical signal, are a sign of collateral reinnervation of denervated muscle fibers.'

Additionally, phrenic nerve conduction studies and needle electromyography of
the diaphragm have been reported as a valuable adjunct to routine electrophysiological
testing in the ICU, particularly in patients who fail to wean from mechanical
ventilation."'

Based on the above, the five diagnostic criteria for CIM include: 1) a diagnosis of
ICUAW; 2) SNAP amplitudes are >80% of the lower limit of normal in > 2 nerves; 3)
needle EMG in > 2 muscle groups demonstrates short duration, low amplitude motor unit
potentials with early or normal full recruitment with or without fibrillation potentials; 4)
direct muscle stimulation demonstrates reduced excitability in > 2 muscle groups; and 5)
muscle histology consistent with myopathy.'>

The third and final category of ICUAW is CINM, which is a combination of CIP
and CIM. Diagnostic criteria for CINM include all criteria for [ICUAW, CIP, and CIM.
Critical illness neuromyopathy is diagnosed when all three criteria are met.'

Pathophysiology

Multiple mechanisms contribute to development of weakness during critical

illness.”’” There seems to be numerous, whether independent or interacting, mechanisms

that have been identified which contribute to muscular weakness triggered by critical
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illness. These can include, but are not limited to, 1) reduced excitability of muscle and
nerve, 2) altered Ca2+ homeostasis, 3) myosin loss following mechanical silencing, 4)
atrophy of muscle, 5) death of axons, 6) death of muscle fibers, 7) disturbed anabolism-
to-catabolism ratio, 8) bioenergetics failure, and 9) failure of neuromuscular
transmission.''  To develop effective therapy, it may be necessary to prevent multiple
contributors to weakness.>’

Causes of ICUAW

The etiology of ICUAW is multifactorial. Disease severity, as measured by the
Acute Physiology and Chronic Health Evaluation II score, presence of SIRS, and organ
failure are associated with neuromuscular abnormalities seen on electromyography /
nerve conduction studies, which is indicative of ICUAW.'"  Other risk factors include
longer duration of mechanical ventilation, ICU length of stay, hyperglycemia,
hyperosmolatity, and use of parenteral nutrition.'' Lastly, the impact of medications,
such as sedatives, neuromuscular blocking agents, and corticosteroids on muscle function
cannot be overlooked." These medications may be used to avoid or minimize pain, or
promote more efficient and effective mechanical ventilation synchrony.'” However, both
neuromuscular blocking agents and corticosteroids have been associated with
neuromuscular abnormalities, although these findings are not consistently reported."’

As a result of the necessary life-saving treatments, patients in the ICU are
routinely placed on bed rest to reduce oxygen consumption and conserve metabolic
resources for utilization of healing and recovery from the primary illness.'” Potential
beneficial effects of bed rest include reduced requirements for ventilation, reduced

requirements for high fraction of inspired oxygen, improved blood flow to the central
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nervous system reduced fall risk, reduced stress on the cardiopulmonary system, and
avoiding pain from additional injury to an injured body part.'” Bed rest and relative
immobility may be used for a prolonged duration in individuals who are critically ill for
these benefits.

While bed rest may be beneficial to medically fragile patients, it can also place
them at risk for deconditioning. Complications of bedrest may include skeletal muscle
atrophy and weakness, joint contracture, thromboembolic disease, insulin resistance,
microvascular dysfunction, systemic inflammation, atelectasis, and pressure ulcers. "

A review stated that prolonged bed rest associated with critical illness leads to
decreased muscle protein synthesis, increased urinary nitrogen excretion (indicating
muscle catabolism), and decreased muscle mass, especially in the lower extremities.''
The frequency of clinical peripheral muscle weakness has been reported in 25% to 33%
of patients who are mechanically ventilated for as little as four to seven days, which is
much faster than one would expect in “healthy” individuals on bed rest, and in 60% of
patients with ARDS.">  Of note, proximal muscles, which are used for such functional
tasks as transfers and ambulation, experience greater weakness secondary to systemic
corticosteroid use and metabolic changes than due to bed rest alone."'

Additionally, immobility can lead to a pro-inflammatory state caused by increased
systemic inflammation mediated by pro-inflammatory cytokines. Cytokines are proteins
that are secreted by components of the innate and adaptive immune systems, and act as
effectors or modulators of inflammatory response, which in turn play prominent roles in

the development of sepsis.*®
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Clinical signs of systemic inflammation include fatigue and fever, while local
inflammation presents as redness, heat, swelling, pain, and loss of function.”

In SIRS, cellular and humoral responses are activated to produce changes in the
microcirculation throughout the body.”® The cellular response involves epithelial and
endothelial cells, macrophages, and neutrophils.*® Pro-inflammatory mediators,
including interleukins-1 (IL-1), -2 (IL-2), and -6 (IL-6), tumor necrosis factor (TNF)-a,
arachidonic acid, coagulation factors, free radicals, and proteases, are activated locally.10
Endoneural edema, promoted by hyperglycemia and hypoalbuminemia (which are
common during critical illness), could induce nerve hypoxia by an increase in
intercapillary distance and other mechanisms.* Biomechanical studies of muscle
biopsies in critically ill septic patients reveal mitochondria dysfunction.® The resulting
mitochondrial based bioenergetics failure induces a primary axonal degeneration, most
likely distally, if highly energy-dependent systems involving axonal transport of
structural proteins are involved.*®

The pro-inflammatory state associated with bed rest also may cause increased
production of reactive oxygen species (ROS). ROS may play a role in TNF-a induced
oxidization of myofilaments, resulting in contractile dysfunction and atrophy."'

Lastly, patients who are critically ill commonly experience malnutrition,
specifically proteins, both before hospitalization and during the ICU stay. Up to 40% of
all hospitalized patients may be undernourished at the time of admission.'' Protein-
energy malnutrition, combined with the hypermetabolic stresses of critical illness, results

. . . . . . . . . 11
in significant protein loss in the form of amino acids derived primarily from muscles.
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Post ICU Implications of ICUAW

Research has shown that patients who survive ARDS reported persistent
functional impairments at 1-year post discharge, with muscle atrophy and weakness being
significant contributing factors.'°

Herridge, et al. evaluated 109 survivors of ARDS at 3, 6, and 12 months after
discharge from the ICU. At each visit, the patient was interviewed; underwent a physical
examination, pulmonary function tests, chest radiography, resting oximetry, and a
standardized 6 minute walk test with continuous oximetry; and completed the Medical
Outcomes Study 36-item Short-Form General Healthy Survey.'® Results concluded that,
at the time of ICU discharge, patients who survived ARDS were severe muscle wasting
and had lost 18% of their base-line body weight.'® Twelve months after ICU discharge,
71% of patients returned to their baseline weight. All patients reported poor physical
function, attributed to the loss of muscle bulk, proximal weakness, and fatigue.'® From
an endurance perspective, the distance walked in six minutes improved over the twelve
months after discharge from the ICU but still remained lower than the predicted value, at
66%.'® The patients attributed exercise limitations to global muscle wasting and
weakness, foot drop, immobility of large joints, and dyspnea.'® The strength and
endurance deficits contributed to decreased participation in work related activities.'®
Forty nine percent of subjects returned to original work at 12 months post ICU
discharge.'®

ICU survivors also often have multi-systemic impairment such as lower bone
mineral density, pressure ulcers, cognitive and psychological deficits, and additional

pulmonary infections.
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These body structure and functional changes often restrict a patient’s post-ICU functional
activity, resulting in prolonged psychological and physical recovery periods, decreased
rates of return to work, and reports of decreased quality of life."

In a multi-site study of 222 acute lung injury survivors, 36% of participants were
discharged from the hospital with objective evidence of ICUAW.”  Subsequent
resolution of ICUAW was noted after discharge with ICUAW noted in 22% of patients at
3 months post-acute lung injury, 15% at 6 months, 14% at 12 months, and 9% at 24
months.”® Manual muscle testing (ranging from 0 — 60) was highly correlated with hand
grip and maximum inspiratory pressure, and manual muscle testing (over time).”’
Additionally, compared to matched population norms, 6 minute walk distance (6MWT)
and 36 Item Short Form Survey (SF-36) remained substantially impaired in all survivors
of acute lung injury at all follow up times (range: 52-69% predicted).”’

Pfoh, et al. conducted an observational, longitudinal study of 193 ARDS
survivors. Over 5 years post [CU-discharge, 86% of survivors experienced declines in
physical status from their post-discharge state, with 69% experiencing a physical
decline.”* The majority had a decline in > 1 physical measure, which included muscle
strength (MRC SumScore), exercise capacity (6 MWT), and physical functioning
(SF-36).*"* A decline was defined as a decrease that was greater than the Reliable Change
Index when comparing his/her current and prior score.”* Of the patients with decline,
92% experienced declines in muscle strength, 62% had declines in exercise capacity,
66% had declines in physical functioning, and 47% declined in all three physical status
measures or died during follow up.** Physical age, functional comorbidity index, and

Charlson Comorbidity Index were significantly associated with decline in all three
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physical measures.”* Severity of illness and ICU variables (mean daily blood glucose
level; mean daily dose of benzodiazepines, opioids, and systemic corticosteroids; coma;
delirium; duration of mechanical ventilation, bed rest, and ICU stay) were not
consistently and significantly associated with decline.**

Connolly, et al. analyzed 5 systematic reviews (SR) to evaluate the effect of
physical rehabilitation interventions across the continuum of recovery. Three SR focused
solely on physical rehabilitation interventions delivered within the ICU.*' One SR
included all stages of the recovery continuum, and another the post-ICU discharge stage
only. Results concluded that the majority of the reviews focused on interventions
delivered during the early stage of the recovery continuum during ICU admissions, with
favorable effects from physical exercise-based strategies and electrical muscle
stimulation on short term outcomes.”’ One SR examined the post-ICU discharge stage,
and was unable to determine a benefit from interventions delivered at this time.”'

Early Mobilization in Patients who are Critically 1l

Critical care medical teams and rehabilitation therapists have begun implementing
early mobilization and rehabilitation programs. The term early refers to rehabilitation and
mobilization activities that begin immediately after stabilization of physiologic
derangements, often before patients are liberated from mechanical ventilation and low-
dose vasopressor infusions.” It is typically applied within the first 2 to 5 days of critical
illness.” Research findings suggest that early progressive rehabilitation and mobilization

should be prioritized and implemented in all adult ICU patients.
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Physical and occupational therapists’ interventions that encourage ambulation show a
decreased duration of delirium, increased ventilator-free days, and improved functions
status, 6 minute walk distance, and subjective feeling of well-being at hospital discharge
in heterogeneous populations of ICU patients.”

Nordon-Craft published a decision algorithm for “Parameters Indicating a Lack of
Readiness for Physical Therapy Interventions” (Table 2.1). Research has demonstrated
that even passive range of motion and upright positioning can increase oxygen
consumption in healthy men and women. Therefore, ongoing assessment of
physiological responses is critical to determine if the amount of oxygen delivered is
sufficient to meet the physical demands of the patient’s level of activity and establish
when the patient can tolerate the demands of movement into sitting and upright
positions.>® Even so, evidence suggests that physical rehabilitation for individuals with
ICUAW be implemented as soon as patients have sufficient medical stability to
accommodate the increased oxygen demands that accompany physical examination and

intervention.>*
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Table 2.1

Parameters Indicating a Lack of Readiness for Physical Therapy Interventions™*

MEASURES

CUT OFFS

Pulmonary

Sa02: < 88% or patient experiences a 10% O2 desaturation
below resting SaO2

Respiratory Rate: > 35 breaths/min

PEEP: > 10 cm H20

Fi02: > 0.6

Cardiovascular

Mean Arterial Pressure: < 65 or > 120 mmHg OR

> 10 mmHg lower than normal systolic or diastolic blood
pressure for patients receiving renal dialysis

Resting heart rate: < 50 or > 140 bpm

Systolic blood pressure: < 90 or > 200 mmHg

New arrhythmia developed (including frequent ventricular
ectopic beats or new onset atrial fibrillation)

New onset angina-type chest pain

Laboratory
Values

Hematocrit e < 25%: no exercise

Hemoglobin * <8 g/dL: no exercise

Platelets e <20,000/mm?>:
no exercise

Anticoagulation * INR >2.5-3.0: discuss

Metabolic

Glucose: <70 or > 200 mg/dL

Based on the literature, early mobilization and rehabilitation programs were found

to be safe and feasible.

The implementation of early mobilization and rehabilitation

program are associated with many benefits including improvements in muscle strength,

functional mobility, and quality life. Early mobilization and rehabilitation programs may

reduce hospital costs via decreased ICU and hospital length of stay, a reduced duration of

mechanical ventilation, and decreased hospital readmissions.™

Considering the financial implications, Lord, et al. published research supporting

that investment in an ICU early mobilization and rehabilitation program can generate net

financial savings for U.S. hospitals.”
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Even under the most conservative assumptions, the projected net cost of implementing
such a program is modest relative to the substantial improvements in patient outcomes
demonstrated by ICU early mobilization and rehabilitation programs.™
Interventions

Early mobilization may include traditional rehabilitation techniques (positioning,
passive range of motion, therapeutic exercise), respiratory management, specific
mobilization-enhancing interventions (active mobilization of patients requiring
mechanival ventilation), and/or the use of novel techniques (cycle ergometry,
transcutaneous electrical muscle stimulation).®”® A benefit to the array of interventions
is that they may be applied throughout the patient’s ICU course, from those who are
paralyzed and sedated to awake and alert. As the patient’s condition improves, physical
therapist interventions may progress along the activity spectrum, from passive to more
active. Based on the patient’s physiological response, modifications, as summarized in
the APTA’s Early Rehabilitation for Patients in the Intensive Care Unit (ICU), may need
to be implemented.*®

While it is imperative for a physical therapist to be aware of these physiological
parameters for patient safety, few protocols, if any, are implemented based on muscle
performance, such as fatigue and recovery. These variables need to be considered when
designing and implementing a mobilization and rehabilitation program, as they influence
interventions provided.

ICUAW Diagnostic Instruments
The most common diagnostic tests for ICUAW are physical examination,

electromyography (EMG), and nerve conduction studies (NCS), however, the gold
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standard for diagnosing and distinguishing sub-types of ICUAW between CIPMN / CIM

/ CIP is skin and muscle biopsy.>’

Additional measures to be mindful of are pro-
inflammatory biomarkers.
Physical Examination

CIP is noted when a painful stimulus, such as is compressing the nail beds with a
pencil, is induced and there is facial grimacing but reduced or absent movement of the
limbs.*®  Sensory testing is often unreliable but evidence of distal loss to pain,
temperature, and vibration may be observed in alert patients.*®

For CIM, the second category of ICUAW, the major feature is diffuse, flaccid
weakness, involving muscles of all four extremities as well as the neck flexors, facial
muscles, and diaphragm.”® As a result of a weak diaphragm and accessory respiratory
muscles, most patients with CIM are difficult to wean from the ventilator.’® Tendon
reflexes are often depressed, but the presence of normal reflexes does not exclude a
diagnosis of CIM. Although the myopathy develops acutely, the time of onset is usually
difficult to determine because of the commonly associated encephalopathy and
administration of neuromuscular blocking agents.*®

The two most common means to clinically assess strength are manual muscle
testing and hand dynamometry. Manual muscle testing is usually accomplished using the
Medical Research Council (MRC) Score."

Medical Research Council Scale. Per Fan, et al., the MRC SumScore muscle
strength was used in the majority of the studies reporting strength.”> The MRC SumScore
assesses strength in 3 muscle groups in bilateral upper and lower limbs — shoulder

abductors, elbow flexors, wrist extensors, hip flexors, knee extensors, and dorsiflexors.*®
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Each group receives a score from 0 (paralysis) to 5 (normal muscle strength).*® If a
patient scores < 48/60, ICUAW is diagnosed.”® However, this assessment tool may be
complicated by sedation, delirium or other mental abnormalities, and/or clinical
instability.’’

Dynamometry. A more quantitative technique to measure force is a hand held
dynamometer (HHD), which assesses grip strength with a calibrated device, provides a
measurement of force on a continuous scale and is considered more quantitative than the
MRC."

HHD is a portable alternative for obtaining objective measures of muscle
strength.®® Reliable and valid measures can be obtained if the dynamometer has a high
measurement ceiling and an adequately padded end-piece so long as the tester using the
HHD possesses sufficient strength and performs make tests.*

One study found grip strength correlated with MRC scores and was independently
predictive of hospital mortality, suggesting that hand dynamometer assessments might be
a surrogate for global strength. Both assessment techniques require voluntary muscle
contraction, which may be compromised by pain, medications, and cognitive status.'?
Electromyography and Nerve Conduction Studies

Fan, et al. looked at clinical practice guidelines for the diagnosis of ICUAW in
adults. Results showed that manual muscle testing was correlated with EMG/NCS.
These studies demonstrated that 80% of subjects with abnormal EMG/NCS studies had
moderate to severe weakness.”” It should also be noted that electrophysiological testing
in clinical practice is variable. The fifteen studies that evaluated EMG and/or NCS

criteria for ICUAW found varying diagnostic thresholds. Five studies that evaluated

27



direct muscle stimulation reported variability in the muscles tested and the threshold used
for the diagnosis of ICUAW.” Despite variability amongst studies, Stephens, et al.
provided an example of diagnostic criteria for CIM and CIP."?

Although invaluable, electrophysiological tests have shortcomings. From a
logistical perspective, these tests require specialized equipment, trained personnel, and
consideration to state laws must be given for a physical therapist to implement in an acute
hospital.'”* To ensure limited intereference with the signal, mindfulness must be given to
the influence of tissue edema, differences in limb temperature, and electrical
intereferences (such as from the room lights, telemetry, mechanical ventilation, e‘[c.).12
Lastly, EMG and NCS require volitional contractions, which may produce challenges in a
critical ill population due to sedatives, neuromuscular blocking agents, encephalopathy,
and/or severe weakness.'?

Skin and Muscle Biopsies

The gold standard for diagnosing and distinguishing between CIPNM/CIM/CIP is

muscle biopsy. However, patients are usually not subjected to biopsies if the clinical and

EMG/NCS are diagnostic of one of these subtypes.’’

When discussing which tests are
used to identify ICUAW and how they are applied to patients who are critically ill, Fan,
et al. reported muscle and nerve biopsies were too infrequently used to warrant
comment.”
Biomarkers

The cytokines IL-6, IL-1, and TNF-a are elevated in most, if not all, inflammatory

states and have been recognized as targets of therapeutic intervention.** Of specific

interest are IL-6 and interleukin-10 (IL-10). Interleukin-6 is a cytokine not only involved
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in inflammation and infection responses but also in the regulation of metabolic,
regenerative, and neural processes.” Although thought to be an inflammatory cytokine,

it is now recognized to have an inhibitory effect on TNF-a.*'

IL-10, first recognized for
its ability to inhibit activation and effector function of T cells, monocytes, and
macrophages, is a multifunctional cytokine with diverse effects on most hemopoietic cell
types. The principal routine function of IL-10 appears to be to limit and ultimately
terminate inflammatory responses.**

Physical activity, exercise, and lifestyle changes including diet changes have been
associated with decreases in circulating high-sensitivity c-reactive protein (hs-CRP).*
Hammonds, et al. conduced a meta-analysis to determine the effects of exercise on
c-reactive protein not only in healthy individuals, but also those with heart disease.
Forty-three studies (33 controlled trials in healthy adults and 10 controlled trials in adults
with heart disease) were included in the final analysis, with a total of 3575 participants.
Exercise interventions were primarily aerobic training, however resistance training was
incorporated into some studies — 9/33 studies for healthy adults and 1/10 studies for
adults with heart disease. Results concluded that exercise interventions reduce high
sensitivity c-reactive protein in both healthy adults and adults with heart disease.*

Discussion

Individuals who survive ICU admissions are susceptible to numerous
complications related not only to the underlying cause for admission, but also due to the
susceptibility of developing ICUAW. ICUAW is multifactorial, but bed rest, critical
illness, and aging all contribute. Because of this, critical care medical teams and

rehabilitation therapists have begun implementing early mobilization and rehabilitation
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programs. Early mobilization and rehabilitation programs are typically implemented
within the first 2 to 5 days of critical illness.” These programs may include traditional
rehabilitation techniques, respiratory management, specific mobilization-enhancing
interventions, and/or the use of novel techniques.”” Early mobilization and rehabilitation
programs were found to be safe and feasible, and demonstrated a shorter duration of
delirium, decreased number of days receiving mechanical ventilation, a decreased length
of stay in the ICU and hospital, and better functional outcomes at hospital discharge.

Many of these programs are implemented on the basis of function and
physiological tolerance. While it is imperative for a physical therapist to be aware of
physiological parameters for patient safety, few protocols, if any, give consideration to
muscle performance, such as fatigue and recovery. These variables need to be considered
when designing and implementing a mobilization and rehabilitation program, as they
influence interventions provided.

While clinical muscle tests (i.e. manual muscle tests) has been used to measure
muscle strength in adults who are critically ill, it would be a challenge to measure
muscle fatigue and recovery through this technique. A more objective measurement is
warranted. Surface electromyography is an objective test with many applications. It can
be used obtain parameters, such as force, activation time, and fatigue, from individual or
groups of muscles. sEMG can also be used to compare behavior of different muscles,
such as contribution to movement, co-activation, and pattern identification.*

SEMG has been utilized to study muscle fatigue and recovery in healthy younger
and older adults. However, no one to our knowledge has looked at muscle fatigue and

recovery in adults who are critically ill, let alone used SEMG to study muscle muscle
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performance. Improved understanding of muscle fatigue and recovery in adults who are
critically ill could better guide early mobilization and rehabilitation efforts directed at

improving function.
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CHAPTER 3

MUSCLE FATIGUE AND RECOVERY IN HEALTHY ADULTS

Introduction

Aging is accompanied by sarcopenia, which leads to reduced functional capacity
and an increased risk of developing chronic metabolic disease.” Although a fundamental
underlying process remains to be identified, many studies have reported a substantial
decrease in muscle fiber size in elderly subjects when compared with young controls.’
This reduction in muscle fiber size has been shown to be specific, with 10% - 40%
smaller type II fibers observed in muscle tissue collected from elderly when compared
with young controls.” With that said, muscle mass can effectively be increased through
prolonged resistance type exercise training, which can be entirely attributed to specific
type II specific muscle fiber hypertrophy.’

These muscle changes influence muscle strength, fatigue, and recovery, ultimately
leading to impaired function and participation in activities of life. Most notably, older
adults with medical co-morbidities experience impaired muscle performance from the
natural aging process, cumulative effects of a sedentary lifestyle, and/or imposed bed
rest, leading to a significant impact on health and quality of life.' Exercise, particularly
for muscle strength, endurance, and power, is considered “medicine” and often prescribed
to improve the health and well-being of older adults as well as younger adults.” An
appropriate exercise prescription requires knowledge of muscle fatigue and recovery in

order to optimize the exercise program without preventing further muscle damage.
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Muscle fatigue is defined as any exercise-induced reduction in the ability to
produce force or power (the rate of work).” The production of voluntary muscle
contractions involves the central nervous system, the peripheral nerve and neuromuscular
junction, and the skeletal muscles.” Central fatigue describes a progressive decline in
voluntary activation of the muscle during exercise, indicating impairment of force
generation due to mechanisms of the central nervous system.** The peripheral nerve and
neuromuscular junction are effected by intramuscular pH, axonal degeneration, and/or
decreased insulin sensitivity.'' Lastly, decreased blood flow, limited energy supply,
decreased clearance of metabolic by-products, and/or an imbalanced cytokine profile may
effect the muscle fiber, leading to fatigue.'' Because any one of these pathways may be
involved, the fatigue process is multifactorial and complex, leading to eventual decline in
force output.

Muscle fatigue and recovery has been studied in healthy younger and older
populations, under varying conditions using SEMG. Muscle activation and the time to
failure for a sustained isometric submaximal contraction with the dorsiflexor muscles
under two conditions: a force-control task and position-control task was studied in older

and younger health adults.*'

The experimental force-control task consisted of subjects
maintaining an active dorsiflexion force that was equivalent of 30% maximal voluntary
isometric contraction (MVIC) of the ankle dorsiflexors for as long as possible. The

position-control task consisted of subjects maintaining a neutral ankle angle while

supporting an inertial load equivalent to 30% maximal voluntary isometric contraction.
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Results concluded that a) time to failure was longer for the force-control
(10.4 £ 4.5 min) than position-control (8.6 & 3.4 min) task for the young and older adults,
and b) older adults had a longer time to task failure than the younger olders for both tasks
(11.4 + 4.4 vs. 8.1 + 2.1 min) under both conditions.”!

Another study investigated the differences in age related fatigue of the knee
extensors in 8 older and 8 younger men.”> On three separate days, participants performed
either 30 slow (1.05 rad®s™) or 30 moderate (3.14 rad®s™) isovelocity contractions, or 30
fast unconstrained velocity contractions with a fixed resistance of 20% MVIC. At
baseline, peak power for the older men was 25%, 35%, and 42% less during the slow
(p <0.01) and moderate (p < 0.01) isovelocity tasks, and the unconstrained velocity task
(p <0.01) compared with the younger men, respectively.”> Results showed that older men
were more fatiguable compared with the younger men during the fast (~6.9 rad®s™)
unconstrained velocity knee extensor task.”> However, fatigue was similar between age
groups for the slow and moderate isovelocity tasks.*

A third study compared fatigue and fatigue-related mechanisms in young and old
adults during a dynamic contraction with the elbow flexor muscles while supporting an
inertial load of 20%.> This study also compared fatigue in the young and old adult
groups during and after an isometric postural contraction of the elbow flexors while
maintaining 3 different inertial loads — 100%, 60%, and 80% MVIC. A third purpose
was to determine the contribution of central fatigue and contractile properties to fatigue
during and in recovery from the dynamic and isometric fatiguing contractions in young
and older men. Transcranial magnetic stimulation was applied to assess for central

fatigue. However, of primary interest to my research agenda are the first two aims. It
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was concluded that for the isometric postural contraction, the time to task failure was
briefer for the young adults than that for the old adults. For the dynamic contraction, the
time to task failure was similar for the young and old adults. For recovery after the
isometric contraction, peak rates of relaxation did not change from initial control values
during the fatiguing contraction and at task failure, but increased for both the young and
old adults during recovery. For recovery after the dynamic contraction, peak rates of
relaxation decreased from initial control values during the fatiguing contraction and at
task failure for both older and younger men. During recovery however, peak rates of
relaxation increased for both young and old adults.’

Muscle fatigued has been studied using surface electromyography (SEMG).
sEMG is a measure of the myoelectic activity, the electrical signal generated during
muscle contraction.® The structural unit of a muscle contraction is the muscle cell or
muscle fiber. Muscle fibers are supplied by the terminal branches of one nerve fiber or
axon whose cell body is in the anterior horn of the spinal grey matter. The terminal
branch and all the muscle fibers supplied by these branches, together constitute a motor
unit. The motor unit is the functional unit, with a descending motorneuron causing all the
muscle fibers in one motor unit to contract almost simultaneously.”’ The electrical signal
emitted by the muscle fiber during each activation is referred to as the myoelectric signal
and can be measured using EMG.* The output of the EMG signal is a time series that
allows quantificiation of muscle excitation.” The use of SEMG to study muscle function
in aging adults could further improve our understanding of muscle performance.

sEMG has many applications. It can be used obtain parameters, such as force,

activation time, and fatigue, from individual or groups of muscles. sEMG can also be
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used to compare behavior of different muscles, such as contribution to movement, co-
activation, and pattern identification.”” When studying localized muscular fatigue, the
frequency components of the surface EMG signal have been known to decrease when a
contraction is sustained.*

Therefore, when considering muscle performance changes that occur with aging,
combined with an increase in comorbitidies, we aimed to establish a dataset of muscle
fatigue and recovery measures in adults who were healthy younger (HY) and adults who
were healthy older (HO) that could be used for future comparisons in patients who are
critically ill. The primary purpose was to 1) measure time to task failure (TTTF) after a
sub-maximal isometric contraction and dynamic contraction in HY and HO adults; 2)
measure time to muscle recovery after a sub-maximal isometric contraction and dynamic
contraction in HY and HO; and 3) characterize a relationship between TTTF and time to
recovery. Our hypotheses were that 1) HY would demonstrate a shorter TTTF than HO
during an isometric contraction and a similar TTTF during a dynamic contraction; 2) HY
would demonstrate a shorter time to recovery when compared to HO after both isometric
and dynamic contractions; and 3) there was no relationship between TTTF and time to
recovery within group.

Methods

Identification and recruitment of potential subjects occurred at Temple University
and within the Philadelphia region. Temple University’s Institutional Review Board
approved the testing protocol. All subjects were informed of testing procedures and

provided written consent.
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Inclusion and Exclusion Criteria

Inclusion
1) >18 years of age; 2) ability to provide informed consent; 3) ability to follow
simple commands; 4) knee ROM 0° - 45° (minimum); 5) no physical
impairments that limit one’s activities of daily life (self reported).

Exclusion
1) a pre-existing neuromuscular disease (such as myasthenia gravis or multiple
sclerosis); 2) irreversible disorder with 6 month mortality estimated at more than
50%; 3) raised blood pressure (systolic blood pressure > 140 mmHg and/or
diastolic blood pressure > 90 mmHg) at rest; 4) absent limbs; 5) a recent medical
condition, injury, surgical intervention, or any other medical restriction that
currently limits their physical function or activities of daily living; 6) pregnancy
(self-reported)
Subject characteristics for HY and HO are in Table 3.1. HY included subjects

>18 — 50 years of age, with a mean age of 29.8 years old, while HO included subjects

> 55 years old, with a mean age of 72.0 years old. There were 15 HY subjects, with 8

males, and 13 HO subjects, with 6 males.
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Table 3.1

Subject Characteristics of Healthy Younger and Healthy Older

Variable

(mean + Healthy Younger Healthy Older

std. dev. (n=15) (n=13)
[range])

Age (years) 29.8 £4.6 [24 — 38] 72.0+13.9 [55—96]
Sex (male) 8 6

Height (cm)* 65.8+4.0 [60 — 72] 6422 +£53 [53 —70]
Weight (Ibs)** | 159.73 +£30.7 [107 —240] 170.18 +24.2 [130 — 205]
Activity Level | 2.13+0.5 [1-3] 1.62+0.5 [1-2]

MRC Score 60+ 0 59.31+1.3 [56 — 60]
MVIC (Ibs) 43.74 + 6.4 [34.3 — 56.13] 33.24+94 [19.9 —48.5]
30% MVIC 13.13+£1.9 [10.13 — 16.8] 9.97+28 [5.96 — 14.5]
(Ibs)

Cuff Weight 13.13+£1.9 [10.5-16.0] 10.08 £2.9 [6—16]
(Ibs)

Note:

(*>>HOn=9

(**):HOn=11

Activity Level: (1) — Light, (2) — Moderate, (3) — Vigorous.
MRC Score: Medical Research Council Score of Strength
MVIC: Maximal Volitional Isometric Contraction

Cuff Weight: Cuff weight added for fatiguing contraction

Design and Procedures
This study was a prospective cohort design with data collection occurring in a
single 90 minute session. All testing was conducted by the same tester (JMS). The core
procedures of the protocol consisted of 3 phases: baseline measurements, TTTF (an

active fatiguing contraction), and time to recovery (recovery measurement) (Figure 3.1).
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TIMETO
TASK TIMETO
BASELINE FAILURE RECOVERY
Strength Active
Measures Contraction Term 1 5’ 10’ 17 14’
MRC Score seconds Fred MVICs (lbs)
MVICs (lbs) Fo
me

Figure 3.1 Protocol.
Baseline Measurements

Baseline measurements of the Medical Research Council (MRC) Score of Muscle
Strength were obtained. The MRC Score assessed strength in 6 bilateral muscle groups
of the upper and lower limbs — shoulder abductors, elbow flexors, wrist extensors, hip
flexors, knee extensors, and dorsiflexors — using manual resistance in a supine position.*>
Each group received a score from 0 (paralysis) to 5 (normal strength), resulting in MRC
Scores between 0 and 60.%

Following, a cylindrical bolster was placed underneath the subject’s knees to
position the hip in flexion and the knee flexed to approximately a 45° angle. This knee
joint angle allowed the quadriceps muscle to have adequate range for both the isometric
and dynamic tasks and easy replication in the ICU setting. The bolster remained in place
for the subsequent fatigue and recovery protocol.  Three 5-second MVICs of the
quadriceps on the dominant leg were performed by having the subject lift their foot off
the table surface and maintain knee extension. Leg dominance was established by self-
reported hand dominance. (i.e. If the subject reported right hand dominance, the subject’s

right leg was considered dominant.)
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The MVIC of the quadriceps muscles’ force was measured by a hand held dynamometer
(Lafayette Manuel Muscle Testing System, Model 01165). The dynamometer was placed
proximal to the subject’s ankle, and subjects were provided verbal cuing to maintain the
knee in extension. An additional MVIC was performed if the the peak force measures of
the first three MVIC attempts varied more than 10%. Each isometric MVIC was
separated by 3 minutes of rest. The three MVICs within 10% of each other were then
averaged, and 30% of this value was determined and used as the external load, the ankle
cuff weight, during the isometric contraction, dynamic contractions, and recovery
measurements.

Muscle activity of the rectus femoris and vastus lateralis were monitored via
surface electrodes (System, Dublin, Ireland) . The skin was cleaned and prepped using
alcohol wipes to gently debride and remove the surface oils of the skin, followed by
Shimmer EMG sensor (Shimmer2R FCC-ID: X2W-SR7-1) placement determined based
upon guidelines™ and confirmation by palpation. For the rectus femoris, the EMG sensor
was placed half way between the anterior superior iliac spine (ASIS) and apex of the
patella. The EMG sensor for the vastus lateralis was placed a quarter distance between
the ASIS and lateral knee joint space. Electrodes were secured with ace wrap. A
gyroscope (Shimmer3, FCC ID: T93-RN42) was attached ~ 1 inch lateral and distal to
the inferior angle of the patella.

Data from the Shimmer EMG and gyroscope sensor were synchronized and

collected using a custom software program and is described in more detail below.
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Figure 3.2 Shimmer Sensors.

Sensors (65 mm x 32 mm x 12 mm) weighed 31 grams and had 2 channels for surface
electrodes. They contained a common reference electrode.
Image from www.shimmersensing.com

Time to Task Failure

Isometric Fatiguing Contraction. Subjects performed an isometric fatiguing
contraction of the knee extensor muscles with an ankle weight (secured just proximal to
the malleoli of the dominant leg) equivalent of 30% of the MVIC force as described
above. Subjects maintained a knee extension angle of 0° - 5°. Subjects were instructed
to “Straighten your knee as hard as you can”, with further verbal encouragement to keep
the knee straight. The task was terminated when the knee flexed 5° from the baseline, as
indicated by the gyroscope, for 5 consecutive seconds, or subjective report of fatigue and
inability to maintain active contraction. This time was recorded as TTTF.

Dynamic Fatiguing Contraction. Subjects performed a dynamic fatiguing
contraction of the knee extensor muscles with an ankle cuff weight equivalent of 30% of
the MVIC force. Subjects moved through a 45° range of motion (0° - 45°) in time with a
metronome. The metronome was used to indicate the start of each 2.3-second, which
began with lifting the inertial load (concentric) followed by lowering the inertial load
(eccentric) to the start position. The task was terminated when either: 1) full extension

was not achieved during 3 consecutive contractions or 2) one dynamic contraction cycle
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within 2.3 seconds. This time was recorded as time to task failure. Subjects then
followed the Recovery Protocol as defined below.
Time to Recovery

Recovery Protocol. Subjects performed a 15 second isometric contraction with a
weight equivalent of 30% of the MVIC force, via ankle weight, beginning at minute 0, 1,
5, and 10 post task failure. In addition, two MVICs (based on the above protocol) were
performed at 11 and 14 minutes post termination. If the MVIC value at 14 minutes
following fatigue was within 10% of the baseline MVIC, subjects progressed to the
dynamic fatiguing protocol. If the MVIC value was not within 10% of the baseline
MVIC, subjects performed an additional MVIC at minute 17. Alternating between a 5-
minute rest break and an MVIC continued until the MVIC was within 10% of the
baseline MVIC. Afterwards, the subjects were provided with a 10-minute rest period.

Data Management & Analysis

TTTF was considered the initiation of contraction to termination of contraction.

It was determined via time analysis from the SEMG.
Surface Electromyography

SEMG was collected using the Shimmer System (Dublin, Ireland) on to a Google
tablet. Data was collected at 500 Hz. It was synced by the Consensys software, which
allowed collection and recording from multiple Shimmer sensors simultaneously, then
exported to MATLAB (The MathWorks Inc., Natick, MA, USA), where it was analyzed
via a custom-written script written in MATLAB code. For the fatiguing contraction,
EMG data was graphed (Figure 3.3) for each subject within groups, for both muscles,

under both conditions. Following, times for each group, for both muscles, under both
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conditions were plotted to visually inspect for outliers (Figure 3.4). Outliers were
removed if > 2 standard deviations from the mean. The median frequency (Fmeq) value of
a power spectrum density over a five second interval in the beginning (Figure 3.5a) and
five second interval at the end (Figure 3.5b) of the contraction was determined using the
‘periodogram’ and ‘medfreq’ function in MatLab. Following, a spectrogram was
graphed (Figure 3.6). For the recovery contractions, Fpeq, using the same functions, was

determined for each contraction, at each time point.

HY > ISOMETRIC > RF
08 T T T T T T T

Amplitude

0.6 1 1 1 1 1 1 1

0 05 1 15 2 25 3 35 4
Time <10*

Figure 3.3 Representative EMG data of the HY’s rectus femoris during an isometric
contraction.
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Figure 3.4 Time to Task Failure of the Rectus Femoris.
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Figure 3.5 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of an isometric contraction in a HY’s rectus femoris.
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Figure 3.6 Representative spectrogram of the HY’s rectus femoris during an isometric
contraction.

Statistical Analysis

All statistical analysis was completed in Stata/SE 12.0 (College Station, Texas).

Protocol measurement time frames and respective time points were specified for
analysis (Figre 3.7). For primary analysis, because fewer subjects recovered at 5 and >10
minutes, subjects were combined into analysis point E. This was to avoid the Chi
Squared assumptions that the frequencies represent individual counts and that the time
point are mutually exclusive, meaning every subject was assigned to only one time point.
However, for secondary analysis of Fpe4, recovery times 5 and >10 minutes were

considered separately, as analysis point E and F respectively.
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TIMETO TIMETO
TASK FAILURE RECOVERY
Active Contraction Term 1 5’ 10’
|
A B C D E
ANALYSIS POINTS

Figure 3.7. Analysis Points.
Time to Task Failure

TTTF (seconds) was measured between analysis point A and B. A paired #-test
was performed between analysis point A and B of the rectus femoris and vastus lateralis,
within HY and HO, under isometric and dynamic conditions. An unpaired #¢-test of
unequal variance was then performed between HY and HO to assess for differences of
TTTF under isometric and dynamic conditions. For each group’s muscle, under each
condition, paired t-tests of Fp.q were performed to assess the difference between analysis
point A to B. A statistically significant difference was indicative of muscle fatigue.
Time to Recovery

Five percent of analysis point A’s Fyeq Was calculated. This value was used to
devise a range around the analysis point A’s Fieq. For each subject, the aforementioned
range was compared to Fpeqs at recovery analysis point’s C, D, and E. The recovery time
point for each subject within each group was then analyzed for between group differences
via a Chi Square. This statistical test was repeated 4 times —isometric / rectus femoris,
isometric / vastus lateralis, dynamic / rectus femoris, and dynamic / vastus lateralis. For
secondary analysis, for each group’s muscle, under each condition, paired t-tests were
performed to compare analysis point A to the subsequent recovery points, analysis points

C, D, E, and F. Lastly, paired t-tests were performed to compare force output from the
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hand held dynamometer between baseline and 11- and 14- minutes. This test was
repeated 4 times — isometric / HY, isometric / HO, dynamic / HY, and dynamic / HO.
Relationship Between Time to Task Failure and Time to Recovery

A Spearman’s correlation was run for each group, under each condition, for each
muscle was performed to establish if there is a relationship between TTTF (secs) and
time to recovery (analysis point’s time).

Results
Muscle Fatigue
Descriptive statistics for TTTF for the rectus femoris and vastus lateralis, within

each group, under both conditions are in Table 3.2.

Table 3.2
Descriptive Statistics for Time to Task Failure
Condition | Group Muscle Obs. Mean £ Std. Dev.
[Range]
RE 14* 194.6 +77.0
oy [88.49 - 389.93]
VL 14* 192.5+77.8
Isometric [86.97 - 393.19]
RE 13 391.1+244.4
HO [129.31- 893.18]
VL 12%%* 402.4 +251.0
[128.07 - 893.65]
RE 15 229.5+119.1
oy [81.14 - 497.42]
VL 15 2292+ 118.6
Dynamic [81.56 - 494.29]
RE 13 260.5 +163.5
HO [67.79 - 571.21]
VL 12%%* 276.6 + 159.9
[90.21 - 570.17]
Note:
(*): outlier visually noted and value > 2 SD, removed from analysis
(**): technical challenge preventing data collection
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The paired ¢-test between rectus femoris and vastus lateralis within each group,

under both conditions, was not statistically significant (Table 3.3). Because of this, the

time for the rectus femoris was used to compare between groups.

Table 3.3

Time to Task Failure: Paired T-test Between Muscles Within Groups
Condition Muscle Healthy YoungerGrOup Healthy Older
Isometric 52;;‘1‘: Ezgr‘:lllss p =087 p=0.06
Dynamic 52;53: Ezgr‘:lllz =056 p=0.99

The unpaired #-test of unequal variance showed statistically significant difference

between HY and HO during an isometric contraction (p = 0.01), but not during dynamic
contractions (p = 0.57).

The paired #-test of Fneq showed statistically significant differences between
analysis point A and B in HY and HO during both an isometric contraction and dynamic
contractions, with the exception of the HY’s vastus lateralis (Table 3.4). This is

indicative that HY’s and HO’s muscles, with the exception of the HO’s vastus lateralis

during a dynamic contraction, did truly fatigue.

Table 3.4

Comparison of Analysis Points A & B in Healthy Younger and Healthy Older

. Grou
Condition Muscle Healthy Younger ° Healthy Older
Isometric Rectus Femori.s p <0.0001 p <0.0001
Vastus Lateralis p=0.0013 p <0.0001
Dynamic Rectus Femoris p =0.0029 p=0.0318
Vastus Lateralis p=0.6296 p <0.0001
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Muscle Recovery

Chi-squared analysis during an isometric contraction and dynamic contractions

indicated there was not a statistically significant difference for time to recovery between

groups (Table 3.5).

Table 3.5

Chi-Squared Analysis between Time to Recovery and Age Group

Condition ; Muscle -
Rectus Femoris Vastus Lateralis

Isometric p=0.61 p=0.54

Dynamic p=0.68 p=0.17

After the isometric contraction, HY’s rectus femoris and vastus lateralis tended to

recover earlier when compared to HO during the isometric contraction (Table 3.6). After

the dynamic contractions, the percentage of subjects who recovered at each analysis point

was comparable for the rectus femoris, with the majority of HY and HO recovering at

analysis point C. However, the vastus lateralis in the HO recovered more quickly than

HY (Table 3.7).

Table 3.6
Percent of Subjects Recovered / Analysis Point After an Isometric Contraction.
Ana1'y51s C D E
Group Point
Muscle Rectus Vastus Rectus Vastus Rectus Vastus
Femoris | Lateralis | Femoris | Lateralis | Femoris | Lateralis
Healthy Younger 38.5% 30.8% 23.1% 23.1% 38.5% 45.2%
Healthy Older 23.1% 16.7% 38.5% 41.7% 38.5% 41.7%
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Table 3.7

Percent of Subjects Recovered / Analysis Point After a Dynamic Contraction.

Ana1'y51s C D E
Group Point
Muscle Rectu§ Vastus Rectu§ Vastus Rectu§ Vastus
Femoris | Lateralis | Femoris | Lateralis | Femoris | Lateralis
Healthy Younger 60.0 66.7% 26.7% 13.3% 13.3% 20.0%
Healthy Older 61.5% 66.7% 15.4% 33.3% 23.1% 0.0%

Secondary analysis of paired #-tests between analysis point A and recovery time

points (C, D, E, and F) are in Tables 3.8 —3.11.

Table 3.8

Recovery Analysis of Healthy Younger and Healthy Older
During an Isometric Contraction of the Rectus Femoris

Group Time Point p-value
CvsA 0.0199
Healthy Dvs A 0.0127
Younger |EvsA 0.6033*
Fvs A 0.5635*
CvsA 0.0013
Healthy Dvs A 0.0866*
Older Evs A 0.7525%*
Fvs A 0.5980*
Note:

(*): Recovered
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Table 3.9

Recovery Analysis of Healthy Younger and Healthy Older
During an Isometric Contraction of the Vastus Lateralis

Group Time Point p-value
CvsA 0.0256
Healthy Dvs A 0.2372*
Younger |EvsA 0.6721*
Fvs A 0.1998*
CvsA 0.0018
Healthy Dvs A 0.0982*
Older Evs A 0.8462*
Fvs A 0.9510*
Note:

(*): Recovered

Table 3.10

Recovery Analysis of Healthy Younger and Healthy Older
During a Dynamic Contraction of the Rectus Femoris

Group Time Point p-value
CvsA 0.0100
Healthy Dvs A 0.7700*
Younger |EvsA 0.0003**
Fvs A 0.0159%**
CvsA 0.7509*
Healthy Dvs A 0.7513*
Older Evs A 0.0179%**
Fvs A 0.0050%**
Note:

(*): Recovered

(**): Over recovered
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Table 3.11
Recovery Analysis of Healthy Younger and Healthy Older
During a Dynamic Contraction of the Vastus Lateralis
Group Time Point p-value
Cvs A 0.3554*
Healthy Dvs A 0.0673*
Younger |EvsA 0.0017**
Fvs A 0.0078**
Cvs A 0.7114*
Healthy Dvs A 0.0082%**
Older Evs A 0.0006**
Fvs A 0.0002%**
Note:
(*): Recovered
(**): Over recovered

The paired #-tests to compare force output via hand held dynamometry between
baseline and 11- and 14- minutes indicated that all subjects were recovered by 11 minutes

after an isometric (Table 3.12) and dynamic contraction (Table 3.13).

Table 3.12
Paired T-test Analysis of Hand Held Dynamometry After an Isometric Contraction
Group 11 minutes 14 minutes
Healthy Younger p=0.08 p=0.25
Healthy Older p=0.95 p=0.48
Table 3.13
Paired T-test Analysis of Hand Held Dynamometry After a Dynamic Contraction
Group 11 minutes 14 minutes
Healthy Younger p=0.53 p=0.94
Healthy Older p=041 p=0.11
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Relationship Between Time to Task Failure and Time to Recovery

A Spearman’s correlation was run to determine the relationship between TTTF
(secs) and time to recovery (analysis point’s time) for each group, under each condition,
for each muscle (Table 3.14). During an isometric contraction, the HY’s rectus femoris
and vastus lateralis demonstrated a very weak — weak, positive correlation between TTTF
and time to recovery. During a dynamic contraction, all, with the exception of HO’s
vastus lateralis, showed no association between TTTF and recovery. The HO vastus
lateralus showed a very weak — weak, positive correlation between TTTF and time to

recovery. None were statistically significant.

Table 3.14
Spearman’s Correlation Results
Healthy Younger Healthy Older
Condition Rectus Vastus Rectus Vastus
Femoris | Lateralis | Femoris | Lateralis
Isometric 0.33 0.27 -0.04 -0.07
P=027)| (p=0.36) | (p=0.91) | (p=0.83)
Dynamic 0.06 -0.03 0.03 0.27
P=084) | p=0.92) | (p=0.92) | (p=0.42)
Discussion

The primary purpose was to 1) measure time to task failure (TTTF) after a sub-
maximal isometric contraction and dynamic contraction in HY and HO; 2) measure time
to muscle recovery after a sub-maximal isometric contraction and dynamic contraction in
HY and HO; and 3) characterize a relationship between TTTF and time to recovery. Our
hypotheses were that 1) HY would demonstrate a shorter TTTF than HO during an
isometric contraction and a similar TTTF during a dynamic contraction; 2) HY would

demonstrate a shorter time to recovery when compared to HO after both an isometric
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contraction and dynamic contractions; and 3) there was no relationship between TTTF
and time to recovery within group. A secondary purpose was to establish a dataset of
muscle fatigue and recovery measures in HY and HO that can be used for future
comparisons in patients with neuromuscular deficits, specifically patients who are
critically ill and susceptible to intensive care unit acquired weakness.
Muscle Fatigue

HY demonstrated a shorter TTTF during an isometric contractions compared to
HO (194.62 secs vs. 391.09 secs, respectively) and a similar TTTF during a dynamic
contraction when compared to HO (229.5 secs vs. 260.50 secs, respectively). This
supports our hypotheses and is consistent with current literature.
Muscle Morphology

Several factors should be considered when attempting to understand the results.
First, in regards to contraction mode, older adults are usually more fatigue-resistant than
young adults during an isometric contraction.’ Slow isometric contractile properties
may allow for more economical muscle activation through reduced motor unit discharge
rates, and therefore, lower ATP turnover in older adults.”* In regards to a dynamic
contraction, the protocol involved a relatively low load, which could recruit more type I
muscle fibers for endurance rather than type II muscle fibers, which are primarily used
for power. Although HO subjects participated in moderate levels of activity, the
physiological aging process, including a reduction in muscle fiber size, particularly type
I1, is still occurring. Therefore, if HY have less type I than HO, yet HO have a degree of
type 1 atrophy, this could contribute to an comparable TTTF during a dynamic

contraction.
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Molecular Factors

The reduced peak force with fatigue can be explained by a decline in the force per
cross bridge and/or the number of cross bridges in the high-force states.** The
mechanism can involve a decline in the amplitude of calcium ions (Ca2+) transient.
Higher free Ca2+ is required to reach a given tension. Late in fatigue, a precipitous drop
in the amplitude of Ca2+ has been shown.”® The reduced Ca2+ sensitivity induced by
phosphate and hydrogen ions (H+) would be expected to make a significant contribution
to the decline in force.*® For low pH, this is mediated in part by competitive inhibition of
Ca2+ binding to troponin-C. In addition, the decline in the number of strongly bound,
high force cross bridges (caused by both H+ and phosphate) reduces the thick filament
mediated cooperatively between regulatory thin filament sites, which contributes to a
right shift in force-pCa2+ relationship.”® The Ca2+ sensitivity of force development is
fiber type dependent, with fast fibers activating at a higher free Ca2+ concentration but
with a greater degree of cooperative binding.*

Other agents that inhibit cross bridge formation are H+ and phosphate. Increased
concentrations of H+ and phosphate directly reduce the force output of the high-force
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states.” The extent of the change in these ions is directly related to the intensity of the

work and fiber type, with type II showing the lowest pH and highest phosphate values.*
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The observation that the depressive effects of low pH on peak force are still
apparent in the presence of saturating levels of free Ca2+ indicates that the mechanism is
not simply the result of H+ inhibition of Ca2+ binding to troponin.*® It is suggested that
H+ has a direct effect on the actomyosin cross bridge, which could involve a decline in
the number and/or the force per cross bridge of the high-force strongly bound cross
bridges.*°

Muscle Recovery

After an isometric contraction of the rectus femoris, HY had a greater percentage

of subjects recover at earlier (termination) than HO. In the vastus lateralis, HY and HO

had the highest percentage of subjects recover 2 5 minutes. Therefore, when looking at

analysis points C and D, HY had a greater percentage recover earlier compared to HO.
When looking at secondary Fp,eq analysis, the rectus femoris in HO and vastus lateralis in
HY and HO recovered at 1 minute; the rectus femoris in HY recovered at 5°.

Although a trend, HO recovering later could be due to the physiological aging
process, limiting the ability to clear lactic acid and other metabolites at a quick rate.
Aging has a remarkable effect on the heart and arterial system, leading to an increase in
CVD including atherosclerosis, hypertension, myocardial infarction, and stroke.”’ Aging
cardiovascular tissues are exemplified by pathological alterations including hypertrophy,
altered left ventricular diastolic function, and diminished left ventricular systolic reverse
capacity, increased arterial stiffness, and impaired endothelial function.”” In addition,
heart rate modulation is also affected by age with a decrease in both rate variability and

maximum heart rate.*’ Sixty two percent of HO subjects reported a past medical history
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of cardiovascular disease. Therefore, it appears age is a contributor to muscle recovery
after an isometric contraction.
After a dynamic contraction, the majority of subjects in both groups recovered at

termination, followed by 1 minute for HY and 2 5 minutes for HO. HO recovered before

HY (0 vs 1 minute, respectively), with the exception of vastus lateralis in HY, which is
indeterminate.

An unexpected finding was that HY and HO developed “over recovery”, indicated
by Fmeds at recovery analysis points were statistically significantly higher when compared
to subjects’ analysis point A (baseline). This occurred at 5 minutes in both the HY and
HO for both muscles, with the exception of the VL in HO, which occurred at 1 minute.

After a dynamic contraction, “over recovery” of the Fpeg, that is an Fpeq
statistically significantly higher during recovery time points than the baseline, may be
due to post activation potentiation. Post activation potentiation is a phenomenon by
which the force exerted by a muscle is increased due to its previous contractions.” The
repeated activation of muscle during a dynamic contraction induces processes resulting in
decreased performance (fatigue) as well as enhanced performance (post activation
potentiation).” Potentiation corresponds to the increase of electrically evoked twitch
force following a “conditioning” activity: after brief maximal volitional contractions,
submaximal levels of activation, or as a result of repeated low frequency stimulation.*’ In
this current study, the submaximal isometric fatiguing contraction, the recovery protocol
status post isometric contraction, and the dynamic fatiguing contraction could be

considered the conditioning phase leading to post activation potentiation.
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The 2 proposed mechanisms of post activation potentiation are 1) the
phosphorylation of myosin regulatory light chains, which renders actin-myosin more
sensitive to calcium released from the sarcoplasmic reticulum during subsequent muscle
contractions, resulting in the force of the successive twitch contraction increasing; and 2)
that strength training prior to plyometric exercises causes increased synatpic excitation
within the spinal cord, which results in increased post-synaptic potentials and subsequent
increased force generating capacity of the involved muscle groups.*®

Human muscles with shorter twitch contraction times and a higher proportion of
fast fibers exhibit greater post-activation potentiation. Therefore, when considering post-
activation potentiation, thought must be given to muscle morphology and the age of the
sample. The two muscles under investigation were the rectus femoris and vastus
lateralis. The rectus femoris is a two joint muscle, acting as a hip flexor and knee
extensor, with approximately 50% slow twitch fibers. The vastus lateralis is composed of
20% slow fibers and acts as a knee extensor.”

In our healthy older adult sample, over 50% reported participating in a moderate
level of activity. The subjects' activity level could delay the transition from type II to
type I muscle fibers, allowing post-activation potentiation to occur in older adults.’
Dynamometry

HY and HO knee extensors recovered from both an isometric contraction and
dynamic contractions by 11 minutes. Although subjects recovered by 0 or 1 minute as
determined by SEMG, consideration must be given to the recruitment of other muscles

since hand held dynamometry was not isolated to the rectus femoris or vastus lateralis.
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Additionally, if more sensitive measures are not available, dynamometry has the potential
to show recovery at a minimum of 11 minutes.
Relationship Between Time to Task Failure and Time to Recovery

Our third hypothesis was that there was no relationship between TTTF and time
to recovery within group. The HY’s rectus femoris and vastus lateralis for an isometric
contraction and HO’s vastus lateralis demonstrated a weak, positive correlation,
indicating that a shorter time to task failure is associated with a shorter time to recovery.
With the accumulation of H+ and other metabolites, cross bridges are unable to transition
from weakly bound to the strongly bound cross bridges, and/or have a reduction in the
force of the strongly bound states.*® Because the recovery contraction was only 15
seconds, anaerobic energy stores may have been sufficient to develop a sub-maximal
contraction.

Limitations

There are limitations to this study. First, there were large standard deviations
during TTTF of both muscles during an isometric contraction and dynamic contractions
in HY and HO groups. This showed a wide variation of time to fatigue. Second, a low
weight of 30% of MVIC force (which is based off Yoon, et. al’s protocol) was utilized
for the fatiguing contraction to ensure submaximal fatigue. Practice patterns for treating
older adults with marked deficits in physical function secondary to an acute
hospitalization advise appropriately dosed high-intensity resistance training to improve
muscle strength and power.”® Based on this, although a greater external load should be
utilized during clinical therapeutic interventions, an external weight of 30% of the MVIC

force allowed the authors to understand tolerance of the protocol.
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Future directions aim to study the response of those with neuromuscular dysfunction,
specifically intensive care unit acquired weakness.
Future Directions

Studies of muscle fatigue and recovery in healthy subjects was warranted to
continue understanding of muscle physiology to improve therapeutic interventions. This
study’s protocol was based on previous literature, however, from it, came goals for future
studies. A larger sample size is warranted to decrease the standard deviation in TTTF
amongst both groups. For improved external validity, a greater external load should be
utilized. Additionally, open vs. closed chain activities and their impact on muscle fatigue
and recovery is warranted. Lastly, a more clinical measure of muscle fatigue and
recovery, such as hand held dynamometry, is warrented. With that said, future research
is needed to compare dynamometry’s sensitivity to recovery at earlier time points.

In addition, future studies should look at clinical populations, specifically
intensive care unit acquired weakness. Adults who are critically ill are of particular
interest because of the influence of critical illness superimposed on top of the aging
process." The growing elderly population contributes to an increase in treatment of many
serious conditions including gastrointestinal hemorrhage, hemodynamic abnormalities,
multiple organ system failure, respiratory insufficiency or failure, sepsis, and shock,
resulting in an increase in intensive care unit (ICU) admissions.® With more than 5
million people annually admitted to ICUs in the United States, common medical
interventions, along with the criticall illness physiology, lead to rapid muscle atrophy and
muscle weakness, commonly referred to as intensive care unit acquired weakness

(ICUAW).® Research has shown that patients who survive
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acute respiratory distress syndrome reported persistent functional impairments at 1-year
post discharge, with muscle atrophy and weakness being significant contributing
factors.'® These changes often restrict a patient’s post-ICU functional activities, resulting
in prolonged psychological and physical recovery periods, decreased rates of return to
work, and reports of decreased quality of life.'®

Strength is a common muscle characteristic studied in this patient population.
Especially for individuals who are critically ill, it is important to better understand muscle
fatigue and recovery because a) ICUAW is multi-factorial, warranting a foundational
understanding of its impact, b) early rehabilitation is necessary to optimize physical and
cognitive function post ICU-stay, however must be done without placing the patient in a
more hypoxic state and/or causing further muscle damage, and c) a better understanding

would allow implementation of efficient and effective therapeutic interventions.
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CHAPTER 4
COMPARISON OF MUSCLE FATIGUE AND RECOVERY

IN ADULTS WHO ARE HEALTHY AND CRITICALLY ILL

Introduction

It is estimated that 13 to 20 million people annually require life support in
intensive care units (ICU) worldwide.”' In the United States, > 750,000 people receive
mechanical ventilation,”* with almost 300,000 requiring prolonged support (>5 days)
annually.” Other medical treatments include the use of sedatives and neuromuscular
blocking agents to avoid pain and promote vent synchrony.'® As a result of invasive and
life-saving treatments, patients are routinely placed on bed rest to reduce oxygen
consumption and allow healing and recovery from the primary illness.'’ Bed rest for
adults who are critically ill and in the ICU is associated with rapid muscle atrophy and
muscle weakness. Muscle mass decreased by approximately 1.5% - 2.0% per day during
the first 2 to 3 weeks of enforced bedrest.'” One measure of maximal knee extensor
contraction was reduced by approximately 15% after 14 days of bed rest."

More than 75,000 patients in the United States and up to 1 million worldwide may
develop the syndrome of global weakness, commonly referred to as intensive care unit
acquired weakness (ICUAW).” ICUAW designates a clinically detected, generalized
weakness that develops in patients who are critically ill and in whom there is no plausible
etiology other than critical illness.'>*’

Muscle weakness and atrophy have long been recognized as secondary

impairments of severe illness. In recent decades, the greater survival rate of patients who
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were critically ill has provided the opportunity to identify and characterize a syndrome of
neuromuscular dysfunction acquired in the absence of causative factors other than the
underlying critical illness and its treatment.'” It is diagnosed by: 1) generalized weakness
after the onset of critical illness; 2) diffuse bilateral weakness; 3) Medical Research
Council (MRC) SumScore < 48 or mean MRC Score <4 in all testable muscle groups
noted on > 2 occasions separated by >24 hours; 4) dependence on mechanical ventilation;
and 5) cause of weakness not related to underlying critical illness.'” ICUAW and
documented polyneuropathy and/or myopathy are classified in three categories: critical
illness polyneuropathy (CIP), critical illness myopathy (CIM), or critical illness
neuromyopathy (CINM)."? This acknowledged that the syndrome physiologically affects
the nerve and muscle, resulting in the weakness.

Patients who developed ICUAW report persistent functional impairments at 1-
year post ICU discharge, with muscle atrophy and weakness noted as significant
contributing factors.'® In addition, ICU survivors also often have lower bone mineral
density, pressure ulcers, cognitive and psychological deficits, and seconday pulmonary
infections.'® These body structure and function changes often restrict a patient’s post-
ICU functional activities, resulting in prolonged psychological and physical recovery
periods, decreased rates of return to work, and reports of decreased quality of life."

These decrements in quality of life and exercise capacity are also seen 5 years
after discharge from the ICU.>* Patients, regardless of age, demonstrated a median 6-
minute walk distance that was 76% of predicted, as well as a lower score on Physical

Component Score on Medical Outcomes Study 36-Item Short Form Healthy Survey.”
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This indicates that at five years after discharge from the ICU, patients had yet to return to
normal predicted levels of physical function, which is thought to be due to persistent
weakness.”*

In order to reduce the long term functional impairments noted in ICU survivors,
critical care medical teams and rehabilitation therapists have begun implementing early
mobilization and rehabilitation programs. Research suggest that early progressive
mobilization and rehabilitation should be prioritized and implemented in all adult ICU
patients. Studies thus far have looked at safety, feasibility, strength measurements, an
array of interventions, and outcomes. However, research in exercise prescription is
lacking. Muscle performance, including muscle strength, fatigue, and recovery, impact
an individual’s function and participation in activities of life. Most notably, adults, older
and/or with medical co-morbidities experience impaired muscle performance from the
natural aging process, criticall illness, cumulative effects of a sedentary lifestyle, and/or

imposed bed rest, leading to a significant impact on health and quality of life.'
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Figure 4.1 ICU Environment.

Muscle fatigue is defined as any exercise-induced reduction in the ability to
produce force or power.* At least three major levels are involved in the production of
voluntary contractions:  the central nervous system, the peripheral nerve and
neuromuscular junction, and the skeletal muscles. Any one of these systems might be
involved in the fatigue process.” Looking at the individual components of the pathway,
first is the central nervous system. Central fatigue describes a progressive decline in
voluntary activation of the muscle during exercise, indicating impairment of force due to
mechanisms of the central nervous system.** Second, the peripheral nerve and
neuromuscular junction are susceptible to injury from axonal degeneration, decreased

insulin sensitivity, and/or neuromuscular blocking agents, which may be used in patients
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who are critically ill to promote ventilator synchrony.'' Lastly, decreased blood flow,
limited energy supply, decreased clearance of metabolic by-products, and/or an
imbalanced cytokine profile may effect the muscle fiber, leading to fatigue."'

Muscle fatigue and recovery have been studied in healthy younger and older
populations, under varying conditions using sSEMG. Griffith, et al. demonstrated that a)
time to failure was longer for the force-control (10.4 + 4.5 min) than position-control
(8.6 £ 3.4 min) task for the young and older adults, and b) older adults had a longer time
to task failure than the younger olders for both tasks (11.4 + 4.4 vs. 8.1 + 2.1 min) under
both conditions.”’ Another study showed that older men were more fatiguable compared
with the younger men during the fast (~6.9 rad®s™) unconstrained velocity knee extensor
task.”” However, fatigue was similar between age groups for the slow (~1.05 rad®s™") and
moderate (~3.14 rad®s™) isovelocity tasks.”> The third study looked to compare fatigue
and fatigue-related mechanisms in young and old adults during a dynamic contraction
with the elbow flexor muscles while supporting an inertial load of 20%.° It was
concluded that time to task failure was shorter for younger adults when compared to older
adults for the isometric postural contraction, and similar for younger and older adults for
a dynamic contraction. Recovery measurements showed that peak rates of relaxation did
not change from initial control values during the fatiguing contraction and at task failure,
but increased for both the young and old adults during recovery. For recovery after the
dynamic contraction, peak rates of relaxation decreased from initial control values during
the fatiguing contraction and at task failure for both older and younger men.’

While sSEMG has been used to study muscle fatigue and recovery in healthy

younger and older adults, no one to our knowledge has looked at muscle fatigue and
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recovery in adults who are critically ill, let alone used sEMG to study muscle
performance. Improved understanding of muscle fatigue and recovery in adults who are
critically ill could better guide early mobilization efforts directed at improving function.
Therefore, the primary objective of this study is to improve our understanding of muscle
fatigue and recovery in adults who are critically ill using SEMG technology and
experimental procedures to be used in an ICU environment.

The specific aims were to 1) measure time to task failure (TTTF) after a sub-
maximal isometric contraction and dynamic contraction in adults who were healthy
younger (HY), adults who were healthy older (HO) adults, and patients who are critically
ill (CI); 2) measure time to muscle recovery after a sub-maximal isometric contraction
and dynamic contraction in HY, HO, and CI; and 3) characterize a relationship between
TTTF and time to recovery. Our hypotheses were that 1) CI would demonstrate a shorter
TTTF than healthy subjects during an isometric contraction and dynamic contraction; 2)
HY would demonstrate a shorter time to recovery, followed by HO, then CI after both an
isometric contraction and dynamic contractions; and 3) there was no relationship between
TTTF and time to recovery within group.

Methods

Identification and recruitment of potential subjects occurred at Temple University,
Temple University Hospital, and within the Philadelphia region. Temple University’s
Institutional Review Board approved the testing protocol.  All subjects, including CI,

provided written consent prior to initiation of the protocol.

67



Figure 4.2 Hospital Testing Environment.

Inclusion and Exclusion Criteria
Inclusion:

Adults who were Healthy. 1) >18 years of age; 2) ability to provide informed
consent; 3) ability to follow simple commands; 4) knee ROM 0° - 45° (minimum); 5) no
physical impairments that limit one’s activities of daily life

Adults who were Critically 1ll. 1) greater than 18 years of age; 2) ability to
provide assent; 3) ability to follow simple commands; 4) knee ROM 0° - 45° (minimum);
5) independent in activities of daily living prior to admission; 6) Richmond Agitation &
Sedation Scale (RASS) -1, 0, or +1; 7) Confusion Assessment Method for the ICU
(CAM-ICU) (-); 8) Stable conditions: Hgb > 7 g/dl; 9) Unstable acute or chronic cardiac

diagnoses: Hgb > 8 g/dl
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Exclusion:

Adults who were Healthy. 1) a pre-existing neuromuscular disease (such as
myasthenia gravis or multiple sclerosis); 2) irreversible disorder with 6 month mortality
estimated at more than 50%; 3) raised blood pressure (systolic blood pressure > 140
mmHg and/or diastolic blood pressure > 90 mmHg) at rest; 4) absent limbs; 5) a recent
medical condition, injury, surgical intervention, or any other medical restriction that
currently limits their physical function or activities of daily living; 6) self-reported
pregnancy.

Adults who were Critically Ill. 1) A pre-existing neuromuscular disease (such as
myasthenia gravis or multiple sclerosis); 2) cardiac arrest associated with current
admission; 3) irreversible disorder with 6 month mortality estimated at more than 50% as
determined by the medical team; 4) raised blood pressure (systolic blood pressure > 140
mmHg and/or diastolic blood pressure > 90 mmHg) at rest; 5) absent limbs; 6) a recent
medical condition, injury, surgical intervention, or any other medical restriction that
currently limits their physical function or activities of daily living; 7) self reported
pregnancy; 8) no documented active bleeding disorders; 9) platelets < 50,000; 10)
potassium < 3.5 mEq/L or >5.0 mEq/L; 11) sodium <135 mmol/L or >146 mmol/L.

Subject characteristics for HY, HO, and CI are in Table 4.1. HY included
subjects >18 — 50 years of age, with a mean age of 29.8 years old, while HO included
subjects > 55 years old, with a mean age of 72.0 years old. CI were not stratified into HY
and HO, however the mean age was 53.9 years old. There were 15 HY subjects with 8

males, 13 HO subjects with 6 males, and 9 CI subjects with 4 males.
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Specific subject characteristics for CI include: 1) all subjects had a RASS (0) and
were CAM-ICU (-); 2) supplemental oxygen varied during time of testing included room
air, nasal cannula, high flow nasal cannula, trach collar, Bipap, and mechanical
ventilation via tracheostomy; and 3) length of patient stays varied between 4 and 76 days,
with all subjects already initiating physical therapy interventions. Also of note, prior to
participation in this study, 3 subjects received a lung transplant and 1 subject had been on

extracorporeal membrane oxygenation.

Table 4.1

Subject Characteristics of Healthy Younger, Healthy Older, Critically 1l

Variable Healthy Younger Healthy Older Critically 11l
(mean = (n=15) (n=13) (n=9)
std. dev. [range])

Age (years) 29.8 +£4.6 72.0+13.9 53.9+15.0
[24 — 38] [55—96] [31—77]

Sex (male) 8 6 4

Height (cm)* 65.8+4.0 642+53 64.2+34
[60 —72] [53—70] [59 —69]

Weight (Ibs)** 159.7 +30.7 170.2 £24.2 181.2 +£38.5
[107 — 240] [130 —205] [123 —219]

Activity Level 2.1+0.5 1.6+0.5 1+03
[1-3] [1-2] [1-2]

MRC Score 600 593+1.3 47+ 6.5

[56 — 60] [37 — 56]

MVIC (Ibs) 43.7+6.4 33.2 + 941193+6.9
[34.3 — 56.1] [19.9 — 48.5] [12.2 —33.8]

30% MVIC (Ibs) 13.1+1.9 9.9+2.8 51+£2.8
[10.1 —16.8] [5.9 - 14.5] [1.6 —10.1]

Cuff Weight (Ibs) 13.1+1.9 10.1+2.9 49+3.0
[10.5-16.0] [6—16] [1.0-10.5]

Note:

(*)>HOn=9.CIn=6
(**)>HOn=11.CIn=6
Activity Level: (1) — Light, (2) — Moderate, (3) — Vigorous.
MRC Score: Medical Research Council Score of Strength
MVIC: Maximal Volitional Isometric Contraction

Cuff Weight: Cuff weight added for fatiguing contraction
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Design and Procedures
This study was a prospective cohort design with data collection occurring in a
single 90 minute session. All testing was conducted by the same tester (JMS). The core
procedures of the protocol can be broken down into 3 phases: baseline measurements,
time to task failure (an active fatiguing contraction), and time to recovery (recovery

measurements) (Figure 4.3).

TIMETO
TASK TIMETO

BASELINE FAILURE RECOVERY

Strength Active

Measures Contraction Term 1 5 10’ 17 14
MRC Score seconds Frned MVICs (lbs)
MVICs (lbs) E

med

Figure 4.3 Protocol.
Baseline Measurements

Baseline measurements of the Medical Research Council (MRC) Score of Muscle
Strength were obtained. The MRC Score assessed strength in 6 bilateral muscle groups
of the upper and lower limbs — shoulder abductors, elbow flexors, wrist extensors, hip
flexors, knee extensors, and dorsiflexors — using manual resistance in a supine position.*®
Each group received a score from 0 (paralysis) to 5 (normal strength), resulting in MRC
Scores between 0 and 60.*

Following, a cylindrical bolster was placed underneath the subject’s knees to
position the hip in flexion and the knee flexed to approximately a 45° angle. This knee

joint angle allows the quadriceps muscle to have adequate range for both the isometric

71



and dynamic tasks. The bolster remained in place for the subsequent fatigue and recovery
protocol. Three 5-second MVICs of the quadriceps of the dominant leg were performed
by having the subject lift their foot off the table surface and maintaining their knee in
extension. Leg dominance was established by self-reported hand dominance. (i.e. If the
subject reported right hand dominance, the subject’s right leg was considered dominant.)
The MVIC of the quadriceps muscles’ force was measured by a hand held dynamometer
(Lafayette Manuel Muscle Testing System, Model 01165). The dynamometer was placed
proximal to the subject’s ankle, and subjects were provided verbal cuing to maintain the
knee in extension. An additional MVIC was performed if the the peak force measures of
the first three MVIC attempts varied more than 10%. Each isometric MVIC was
separated by 3 minutes of rest. The three MVICs within 10% of each other were then
averaged, and 30% of this value was determined and used as the external load, the ankle
cuff weight, during the isometric contraction and dynamic contractions.

Muscle activity of the rectus femoris and vastus lateralis were monitored via
surface electrodes (System, Dublin, Ireland) . The skin was cleaned and prepped using
alcohol wipes to gently debride and remove the surface oils of the skin, followed by
Shimmer EMG sensor (Shimmer2R FCC-ID: X2W-SR7-1) placement determined based
upon guidelines® and confirmation by palpation. For the rectus femoris, the EMG sensor
was placed half way between the anterior superior iliac spine (ASIS) and apex of the
patella. The EMG sensor for the vastus lateralis was placed a quarter distance between
the ASIS and lateral knee joint space. Electrodes were secured with ace wrap. A
gyroscope (Shimmer3, FCC ID: T93-RN42) was attached ~ 1 inch lateral and distal to

the inferior angle of the patella.
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Data from the Shimmer EMG and gyroscope sensor were synchronized and
collected using a custom software program and is described in more detail below.
Time to Task Failure

Isometric Fatiguing Contraction. Subjects performed an isometric fatiguing
contraction of the knee extensor muscles with an ankle weight (secured just proximal to
the malleoli of the dominant leg) equivalent of 30% of the MVIC force as described
above. Subjects maintained a knee extension angle of 0° - 5°. Subjects were instructed
to “Straighten your knee as hard as you can”, with further verbal encouragement to keep
the knee straight. The task was terminated when the knee flexed 5° from the baseline, as
indicated by the gyroscope, for 5 consecutive seconds, or subjective report of fatigue and
inability to maintain active contraction. This time was recorded as time to task failure.

Dynamic Fatiguing Contraction. Subjects performed a dynamic fatiguing
contraction of the knee extensor muscles with an ankle cuff weight equivalent of 30% of
their MVIC force. Subjects moved through a 45° range of motion (0° - 45°) in time with
a metronome. The metronome was used to indicate the start of each 2.3-second, which
began with lifting the inertial load (concentric) followed by lowering the inertial load
(eccentric) to the start position. The task was terminated when either: 1) full extension
was not achieved during 3 consecutive contractions or 2) one dynamic contraction cycle
within 2.3 seconds. This time was recorded as time to task failure. Subjects then
followed the Recovery Protocol as defined below.
Time to Recovery

Recovery Protocol. Subjects performed a 15 second isometric contraction with a

weight equivalent of 30% of the MVIC force, via ankle weight, beginning at minute 0, 1,
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5, and 10 post task failure. In addition, two MVICs (based on the above protocol) were
performed at 11 and 14 minutes post termination. If the MVIC value at 14 minutes
following fatigue was within 10% of the baseline MVIC, subjects progressed to the
dynamic fatigue protocol. If the MVIC value was not within 10% of the baseline MVIC,
subjects performed an additional MVIC at minute 17. Alternating between a 5-minute
rest break and an MVIC continued until the MVIC was within 10% of the baseline
MVIC. Afterwards, the subjects were provided with a 10-minute rest period.
Data Management & Analysis

TTTF was considered the initiation of contraction to termination of contraction.

It was determined via time analysis from the SEMG.
Surface Electromyography

SEMG was collected using the Shimmer System (Dublin, Ireland) on to a Google
tablet. Data was collected at 500 Hz. It was synced by the Consensys software, which
allowed collection and recording from multiple Shimmer sensors simultaneously, then
exported to MATLAB (The MathWorks Inc., Natick, MA, USA), where it was analyzed
via a custom-written script written in MATLAB code. For the fatiguing contraction,
EMG data was graphed (Figure 4.4) for each subject within groups, for both muscles,
under both conditions. Following, times for each group, for both muscles, under both
conditions were plotted to visually inspect for outliers. Outliers were removed if > 2
standard deviations from the mean. The Fyeq value of a power spectrum density over a
five second interval in the beginning (Figure 4.5a) and five second interval at the end
(Figure 4.5b) of the contraction was determined using the ‘periodogram’ and ‘medfreq’

function in MatLab. Following, a spectrogram was graphed (Figure 4.6).
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For the recovery contractions, Fpq, using the same functions, was determined for each

contraction, at each time point.

Cl > Isometric > RF
025 T T T T T T

02} .
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Time

Figure 4.4 Representative EMG data of the CI’s rectus femoris during an isometric
contraction.
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Figure 4.5 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of an isometric contraction in a CI’s rectus femoris.
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Figure 4.6 Representative spectrogram of the CI’s rectus femoris during an isometric
contraction.
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Statistical Analysis

All statistical analysis was completed in Stata/SE 12.0 (College Station, Texas).

Protocol measurement time frames and respective time points were specified for
analysis (Figure 4.7). For primary analysis, because fewer subjects recovered at 5 and
>10 minutes, subjects were combined into analysis point E. This was to avoid the Chi
Squared assumptions that the frequencies represent individual counts and that the time
point are mutually exclusive, meaning every subject was assigned to only one time point.
However, for secondary analysis of Fpe4, recovery times 5 and >10 minutes were

considered separately, as analysis point E and F respectively.

TIMETO TIME TO
TASK FAILURE RECOVERY
Active Contraction Term 1 5’ 10’
|
A B C D E
ANALYSIS POINTS

Figure 4.7 Analysis Points.
Time to Task Failure

TTTF (seconds) was measured between analysis point A and B. A paired #-test of
the TTTF of the rectus femoris and vastus lateralis, within each group, under both
conditions was performed. The non-parametric Kruskal Wallis test equality of
populations rank test was performed to identify any between group differences in TTTF.
A post hoc Wilcoxon rank sum test identified the differences amongst groups.  For each
group’s muscle, under each condition, paired #-tests of Fr,eq were performed to assess the

difference between analysis point A to B. The difference is indicative of muscle fatigue.
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Time to Recovery

Five percent of analysis point A’s Fyeq Was calculated. This value was used to
devise a range around the analysis point A’s Feq. For each subject, the aforementioned
range was compared to Fyeds at analysis points C, D, and E. The recovery time point for
each subject within each group was then analyzed for between group differences via a
Chi Square. This statistical test was repeated 4 times — isometric / rectus femoris,
isometric / vastus lateralis, dynamic / rectus femoris, and dynamic / vastus lateralis. For
secondary analysis, for each group’s muscle, under each condition, paired #-tests were
performed to compare analysis point A to the subsequent recovery points, analysis points
C, D, E, and F. Lastly, paired t-tests were performed to compare force output from the
hand held dynamometer between baseline and 11- and 14- minutes. This test was
repeated 6 times — isometric / HY, isometric / HO, isometric / CI, dynamic / HY,
dynamic / HO, and dynamic / CI.
Relationship Between Time to Task Failure and Time to Recovery

A Spearman’s correlation was run for each group, under each condition, for each
muscle was performed to establish if there is a relationship between TTTF (secs) and
time to recovery (time based on analysis point).

Results
Muscle Fatigue

Descriptive statistics for TTTF for RF and VL, within each group, under both
conditions were performed (Table 4.2). Paired t-tests between RF and VL within each
group, under both conditions, was not statistically significant (Table 4.3). Because of

this, the time for the RF was used to compare between groups.

78



Table 4.2

Descriptive Statistics for Time to Task Failure

Condition | Group Muscle Obs. Mean + Std. Dev.
[Range]
RE 14* 194.6 +77.0
HY [88.49 —389.93]
VL 14% 192.5+77.8
[86.97 —393.19]
RF 13 391.1+244.4
Isometric HO [129.31 — 893.18]
VL 12%* 402.4+251.0
[128.07 — 893.65]
RE 9 170.48 £127.32
CI [41.09 —434.47]
VL 9 171.40 + 127.48
[42.14 — 434.50]
RE 15 2295+ 119.1
HY [81.14 —497.42]
VL 15 2292+ 118.6
[81.56 —494.29]
RE 13 2605 + 163.5
Dynamic HO [67.79 —571.21]
VL 12%* 276.6 + 159.9
[90.21 —570.17]
RE gHH 127.82 + 69.59
I [42.47 — 262.87]
VL gk 127.34 = 69.28
[43.54 —262.06]

Note:

(*): outlier visually noted and value > 2 SD, removed from analysis
(**): technical challenge preventing data collection

(***): subject refused participation
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Table 4.3

Time to Task Failure: Paired T-test between muscles within groups

Group
Condition Muscle Healthy Healthy Criticall
Younger Older 11
) Rectus Femoris _ _ _
Isometric Vastus Lateralis p=0.87 p=10.06 p=0.09
. Rectus Femoris _ _ _
Dynamic Vastus Lateralis p=0.56 p=0.99 p=0.34

After the isometric contraction, CI fatigued first, followed by HY, and HO. There
was a statistically significant difference among TTTF and group (chi-squared with two
degrees of freedom, p = 0.03). A Wilxocon rank sum test showed statistically significant
differences between HY and HO (p = 0.03) and HO and CI (p = 0.02), but no statistically
significant difference between HY and CI (p = 0.45).

After the dynamic contraction, CI fatigued first, followed by HO, then HY. There
was a statistically significant difference among TTTF and group (chi-squared with two
degrees of freedom, p = 0.04). A Wilxocon rank sum test showed statistically significant
difference between HY and CI (p = 0.02) and HO and CI (p = 0.02), but no statistically
significant difference between HY and HO (p = 0.73).

The paired t-test showed statistically significant differences between analysis
point A and B in HY, HO, and CI during both the isometric contraction and dynamic
contractions, with the exception of the HY’s vastus lateralis (Table 4.4). This is
indicative that all subjects’ muscles, with the exception of the HY’s vastus lateralis

during a dynamic contraction, did truly fatigue.

80




Table 4.4

Comparison of Analysis Points A & B in Healthy Younger, Healthy Older, Critically 1l

Group
Condition Muscle Healthy Healthy Critically
Younger Older 11
Isometric Rectus Femoris | p <0.0001 p <0.0001 p=0.0163
Vastus Lateralis | p=0.0013 p <0.0001 p =0.0036
Dynamic Rectus Femoris | p =0.0029 p=0.0318 p =0.0029
Vastus Lateralis | p=0.6296 p <0.0001 p =0.0422

Muscle Recovery
Chi-squared analysis between time to recovery and age group for both an
There was not a

isometric and dynamic contractions was performed (Table 4.5).

statistically significant difference for time to recovery between groups.

Table 4.5

Chi-Squared Analysis between Time to Recovery and Age Group

Condition ; Muscle -
Rectus Femoris Vastus Lateralis

Isometric p=0.87 p=0.72

Dynamic p=0.11 p=0.23

After the isometric contraction, for the rectus femoris, all groups had a high
percentage of subjects finish at analysis point E, with HY and HO having the same
percentage recover at analysis point C and D, respectively (Table 4.6). For the vastus
lateralis, among the three groups, the HY had the highest percentage recovered at
analysis point C. However, the largest percentage of HY subjects recovered at analysis
point E. The HO and CI had the same percentage of subjects within group recover at
analysis point D and E.

After a dynamic contraction, for the rectus femoris, the highest percentage of HY

and HO recovered at analysis point C, and CI at analysis point E (Table 4.7).
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For the vastus lateralis, all groups had the highest percentage of subjects recover at

analysis point C, with the HO and CI having all subjects recover before analysis point E.

Table 4.6
Percent of Subjects Recovered / Analysis Point After an Isometric Contraction.
Ana1'y51s C D E
Group Point
Muscle Rectus Vastus Rectus Vastus Rectus | Vastus
Femoris | Lateralis | Femoris | Lateralis | Femoris | Lateralis
Healthy Younger 38.5% 30.8% 23.1% 23.1% 38.5% | 46.2%
Y ) 4 3) 3) ) 6
23.1% 16.7% 38.5% 41.7% 38.5% | 41.7%
Healthy Older
Y 3) 2 ) ) ) )
Critically 111 33.3% 11.1% 22.2% 44.4% 44.4% | 44.4%
Y 3) (D 2 “4) “4) “4)
Note:
(n) = number of subjects out of group’s n
Table 4.7
Percent of Subjects Recovered / Analysis Point After a Dynamic Contraction.
Ana1'y51s C D E
Group Point
Muscle Rectus Vastus Rectus Vastus Rectus Vastus
u Femoris | Lateralis | Femoris | Lateralis | Femoris | Lateralis
Healthy Younger 60.0% 66.7% 26.7% 13.3% 13.3% | 20.0%
Y ® (10) “4) 2 2 3)
61.5% 66.7% 15.4% 33.3% 23.1% | 0.0%
Healthy Older
Y ® ® 2 4 3) (V)
Critically TIl 37.5% 62.5% 0.0% 37.5% 62.5% | 0.0%
3) ) 0 3) ) 0
Note:

(n) =number of subjects out of group’s n

Secondary analysis of paired #-tests between analysis point A and recovery time

points are in Tables 4.8 —4.11.
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Table 4.8

Recovery Analysis of Healthy Younger, Healthy Older, Critically 11l
During an Isometric Contraction of the Rectus Femoris

Group Time Point p-value

Cvs A 0.02
Healthy Dvs A 0.12*
Younger |EvsA 0.60*
Fvs A 0.56*
Cvs A 0.001
Healthy Dvs A 0.09*
Older Evs A 0.75*
Fvs A 0.60*

Cvs A 0.04
Critically | Dvs A 0.64*
111 Evs A 0.76*
Fvs A 0.72*

Note:

(*): Recovered

Table 4.9

Recovery Analysis of Healthy Younger, Healthy Older, Critically 11l
During an Isometric Contraction of the Vastus Lateralis

Group Time Point p-value

CvsA 0.03
Healthy Dvs A 0.24*
Younger |EvsA 0.67*
Fvs A 0.20*
CvsA 0.002
Healthy Dvs A 0.09*
Older Evs A 0.85%
Fvs A 0.95%

CvsA 0.02
Critically | Dvs A 0.09*
11 Evs A 0.68*
Fvs A 0.37*

Note:

(*): Recovered
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Table 4.10

Recovery Analysis of Healthy Younger, Healthy Older, Critically 11l
During a Dynamic Contraction of the Rectus Femoris

Group Time Point p-value
Cvs A 0.01
Healthy Dvs A 0.77*
Younger |EvsA <0.001**
Fvs A 0.02%**
Cvs A 0.75*
Healthy Dvs A 0.75*
Older Evs A 0.02%*
Fvs A 0.005%*
Cvs A 0.01
Critically | Dvs A 0.07*
111 Evs A 0.55*
Fvs A 0.99*
Note:

(*): Recovered

(**): Over recovered

Table 4.11

Recovery Analysis of Healthy Younger, Healthy Older, Critically 11l
During a Dynamic Contraction of the Vastus Lateralis

Group Time Point p-value
Cvs A 0.36
Healthy Dvs A 0.07**
Younger |EvsA 0.002**
Fvs A 0.008*
Cvs A 0.71%*
Healthy Dvs A 0.008**
Older Evs A <0.001**
Fvs A <0.001**
Cvs A 0.19*
Critically | Dvs A 0.73*
111 Evs A 0.01
Fvs A 0.09*
Note:

(*): Recovered

(**): Over recovered
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The paired t-tests to compare force output via hand held dynamometer between
baseline and 11- and 14- minutes indicated that after an isometric contraction, HY and
HO were recovered by 11 minutes, while the CI were not recovered until 14 minutes
(Table 4.12). After a dynamic contraction, HY, HO, and CI were recovered at 11

minutes (Table 4.13).

Table 4.12
Paired T-test Analysis of Hand Held Dynamometry After an Isometric Contraction
Group 11 minutes 14 minutes
Healthy Younger p=0.08*% p=0.25%
Healthy Older p=0.95*% p=0.48*%
Critically 11l p=0.02 p=0.07*

Note:
(*): Recovered

Table 4.13
Paired T-test Analysis of Hand Held Dynamometry After a Dynamic Contraction
Group 11 minutes 14 minutes
Healthy Younger p=0.53* p=0.94*
Healthy Older p=041* p=0.11%*
Critically Ill p=0.47* p=0.44*

Note:
(*): Recovered

Relationship Between Time to Task Failure and Time to Recovery
A Spearman’s correlation was run to determine the relationship between TTTF
(seconds) and time to recovery (time established by analysis point C, D, or E) for each
group, under each condition, for each muscle (Table 4.14). For an isometric contraction,
the HY’s rectus femoris and vastus lateralis demonstrated a very weak — weak, positive

correlation between TTTF and time to recovery. For a dynamic contraction, all, with the
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exception of HO’s vastus lateralis and CI’s rectus femoris, showed minimal — no
association. HO’s vastus lateralis showed a weak, positive correlation, while the CI’s
rectus femoris showed a moderate, negative correlation.

None were statistically

significant.

Table 4.14

Spearman’s Correlation Results

Healthy Younger Healthy Older Critically IlI
Condition Rectus Vastus Rectus Vastus Rectus Vastus

Femoris | Lateralis | Femoris | Lateralis | Femoris | Lateralis

Isometric 0.33 0.27 -0.04 -0.07 -0.05 0.07
P=027) | =0.36) | (p=091) | (p=0.83) | (p=0.89) | (p=0.85)

Dynamic 0.06 -0.03 0.03 0.27 -0.51 0.17
P=0.84) | p=0.92) | (p=0.92) | (p=0.42) | (p=0.20) | (p =0.69)

Discussion

The overall objective of this study was to help fill the knowledge gap between
physiological changes that occur during ICUAW and early mobilization and
rehabilitation to optimize therapeutic interventions. The specific aims were to 1) measure
TTTF after a sub-maximal isometric contraction and dynamic contraction in adults who
are HY, HO, and CI; 2) measure time to muscle recovery after a sub-maximal isometric
contraction and dynamic contraction in HY, HO, and CI; and 3) characterize a
relationship between TTTF and time to recovery. Our hypotheses were that 1) CI would
demonstrate a shorter TTTF than healthy subjects during an isometric contraction and
dynamic contraction; 2) HY would demonstrate a shorter time to recovery, followed by
HO, then CI after both an isometric contraction and dynamic contractions; and 3) there

was no relationship between TTTF and time to recovery within group.
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Muscle Fatigue

Previous studies have looked at TTTF amongst HY and HO, however the
introduction of a clinical population, specifically adults who are critically ill, is novel to
this research. For an isometric contraction, when looking at mean times, CI fatigued first
(170.48 secs), followed by HY (194.62 secs) and HO (391.09 secs). There was a
statistically significant difference of TTTF between HY and HO (p = 0.03) and HO and
CI (p = 0.02), but not between HY and CI (p = 0.45). For a dynamic contraction, mean
TTTF show CI fatigued first (127.82 secs), followed by HY (229.5 secs) and HO (260.50
secs). To support our hypothesis, there was a statistically significant difference between
Cland HY (p =0.02) and CI and HO (p = 0.02), and no statistically significant difference
between HY and HO (p = 0.73). Therefore, in this study, CI fatigue before healthy
individuals during an isometric contraction and dynamic contraction.

Muscle Recovery

Isometric

In the rectus femoris, HY had the greatest percentage of subjects recover at zero
and five minutes, while HO and CI had the highest percentage, within group, later, and 1
minute and five minutes. In the vastus lateralis, HO and CI, which has the same
percentage of subjects, within group, recovered at 1 minute and 5 minutes, whereas HY
demonstrated a longer time to recovery, 2 5 minutes.
Dynamic

The rectus femoris recovered at zero minutes in the HY and HO, compared to five

minutes in CI. Recovery of the vastus lateralis in HY and CI is indeterminate because
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true fatigue was not objectively measured, only subjectively reported. The vastus
lateralis recovered at zero minutes in HO.

An unexpected finding was that HY and HO developed “over recovery”, meaning
Fmea at recovery time points were statistically significantly higher when compared to
subjects’ baselines. For the rectus femoris, this occurred at 5 minutes. For the vastus
lateralis, this occurred at 1 minute. CI did not achieve the “over recovery” period. This
could be due to three changes that occur with ICUAW: a) thick filament myopathy with
selective loss of myosin, b) type II muscle fiber atrophy, and/or c) altered
Ca2+homeostasis.'””> The thick filament myopathy interferes with the first proposed
mechanism of post activation of potentiation - phosphorylation of regulatory light chains,
which renders actin-myosin more sensitive to calcium released from the sarcoplasmic
reticulum during subsequent muscle contractions.”® Additionally, a higher proportion of
fast twitch fibers, or type II, exhibit greater post activation potentiation. The atrophy in
these fibers CI experience decreases the likelihood of achieving “over recovery”.

With the recovery analysis, consideration must be given to the Fyeq difference
between the start and end of the fatiguing contraction - analysis point A and B (Table

4.15).
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Table 4.15:

Differences in Median Frequencies Between Analysis Point A and B

GROUP
CONDITION | MUSCLE HEALTHY | HEALTHY | CRITICALLY
YOUNGER OLDER ILL
RECTUS | 10.99 16.83 5.78
FEMORIS | [85.85.74.86] | [87.43,70.59] | [52.84,47.06]
ISOMETRIC VASTUS | 11.92 1335 713
LATERALIS | [79.93,68.01] |[75.46,62.11] | [45.29,38.16]
RECTUS | 5.94 6.52 8.64
FEMORIS | [80.15,7421] | [78.12,71.59] | [53.39, 44.75]
DYNAMIC VASTUS | 134 6.64 3.88
LATERALIS | [70.87.69.53] | [66.58,59.94] | [42.78,38.89]
Note:

Responses in Hz.
[Analysis Point A Mean, Analysis Point B Mean]

During an isometric contraction, HO had the largest difference, followed by HY,
then CI. During a dynamic contraction, HO again had the largest difference, followed by
CI, then HY. In addition to the difference in frequency, consideration must be given to
muscle morphology and physiology, muscle contraction type, and muscle changes
specific to I[CUAW.

Muscle Morphology and Physiology
The rectus femoris is a 2 joint muscle composed of ~ 50% slow twitch muscle

4555 The vastus lateralis is a

fibers and produces ~ 20% of the total knee extension torque.
one joint muscle composed of ~20% slow twitch muscle fibers* and, in addition to the
vastus medialis, and vastus intermedius, produces about 80% of the total knee extension
torque.” Being that the vastus lateralis has a greater percentage of type II muscle fibers,
a greater proportion of the muscle is susceptible to atrophy. In our sample, HO and ClI,

because of ICUAW, are more susceptible to type Il muscle fiber atrophy, in turn effecting

muscle fatigue and muscle recovery.
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For HO, the reduction in fiber size with aging include fewer satellite cells in type
IT fibers and lower protein synthesis, which reduces the speed of skeletal muscle growth
and repair.” The aging process, combined with immobility, leads to enhanced
proteolysis and decreased protein synthesis.”” The mean ages of HO and CI are 72.0 and
53.9 years old. Beginning at age 50, muscle mass decreases at an annual rate of 1 — 2%,
and a decline muscle strength of 1.5 — 3% per year are documented.” Therefore,
although the vastus lateralis has the largest cross sectional area of the quadriceps, it,
along with the rectus femoris, is likely atrophying in the majority of the subjects because
of age. This atrophy contributes to a decreasing maximal force potential, as the force
potential is proportional to the sum of cross sectional area of all its fibers.>

Additonally, HO experience a decreased expression of myosin heavy chain
isoform Ila, which plays a key role in muscle’s strength and power, and have smaller
proportional area expressed in msucles of older adults compared with younger persons.™
This age-related changed result in slowed myosin actin cross bridge kinetics and reduced
power for functional task performance.”

Additional effects of aging include increased adipose tissue accumulation around
and between muscle fibers, lower fiber elasticity in both type I and type Ila fibers, a
reduction of maximum unloading shortening velocity and a reduction in satellite cell
number and activation.”® Based on mean height and weight, the body mass index of HY,
HO, and CI are 25.8, 29.2, and 31.1, respectively. HY and HO are considered
“overweight”, while CI are categorized as “obese”. Being that HY are on the cusp, HO
and CI are definitely susceptible to infiltration of fatty tissue around and between muscle

fibers, impairing contractile components of the total muscle volume, thereby lowering the
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intrinsic strength of the whole muscle.”’ Furthermore, intramuscular lipid acts as a
chemoattractant for macrophages, which produce pro-inflammatory cytokines.>
Muscle Contraction Type

Isometric. For isometric tasks, a large contributor to the greater fatigue resistance
in old adults is a more oxidative profile of old muscle that has slower contractile
properties, such as reduced peak rates of contraction and relaxation force of the muscle
and a shift to the left in the force-frequency curves.”' Old adults, for example, possess a
greater proportion of type I area than young adults in large muscles because of selective
atrophy of type II fibers and an age related loss of motor units.”’ A greater proportion of
Type 1 muscle fibers and/or slower contractile characteristics of the older muscles are
potential mechanisms of fatigue resistance. However, the exact mechanisms underlying
this age-related increase in fatigue resistance are still not well understood, and it is likely
that neural, morphological energetic, and contractile factors are important in dictating the

degree of fatigability in elders.®”’

The CI in this study may have demonstrated similar
muscle changes, including a greater proportion of Type I muscle fibers due to Type 11
muscle atrophy, due to the mean age and influence of ICUAW.

Dynamic. With a concentric contraction, greater number of motor units must be
recruited to control the 30% MVIC external load compared to the eccentric contraction,
suggesting concentric exercises have less mechanical efficiency than eccentric.®!
Consequently, it requires more effort by the patient to control the same load during
concentric than eccentric exercise.’’ The ratio of EMG amplitude and oxygen

consumption per force level is less for eccentrically activated muscle than for similar

absolute work loads performed under concentric activation.” For individuals who have
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respiratory compromise, the available oxygen may be delivered to organs to heal.
Because of this, oxygen may be diverted away from skeletal muscle impairing energy
sources which would allow optimal muscle performance.

In regards to eccentric contractions, the relatively higher forces produced
eccentrically result, in part, from 1) a greater average force produced / cross bridge; 2) a
more rapid re-attachment phase of cross bridge formation; and 3) passive tension
produced by the viscoelastic properties of the stretched parallel and serial elastic
components of the muscle.” CI develop thick filament myopathy with selective loss of
myosin, which may be associated with high-dose corticosteroid treatment and
neuromuscular blocking agents and necrotizing myopathy with phagocytosis.”
Therefore, the ability to perform an eccentric contraction may also be impaired.

Muscle Physiology Changes Specifically in ICUAW

For individuals with ICUAW, sepsis, a top five primary ICU admitting diagnosis,
induces mitochondrial dysfunction in respiratory and limb muscles, which are though to
be important in the pathogenesis of sepsis-induced muscle dysfunction.”” It has been
demonstrated that significant decrements in oxidative phosphorylation in the respiratory
muscles in sepsis. Similar alterations have been reported in limb muscle and in human
muscle samples from septic patients.*®

Similar to HO, an imbalance between muscle protein synthesis and muscle protein
degradation casuse net loss of muscle mass, which is considered the main mechanism of
muscle atrophy in muscle wasting and may result from decreased protein synthesis and/or
increased protein degradation.”” Indirect evidence for contribution of impaired insulin

signaling to decreased protein synthesis comes from the observation that pro-
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inflammatory cytokines interleukin-6 and TNF-& have been linked to both insulin
resistance and muscle atrophy. This could help explain why CI have lower frequencies,
as well as smaller differences between the start and end of the fatiguing contraction.

Specific to cytokines, elevated circulating levels of various cytokines and
chemokines are present in patients with sepsis and the systemic inflammatory response
syndrome, and the levels of this early cytokine response are predictive of organ failure
and mortality.”” Although this primary cytokine surge is part of the normal immune
response, these cytokines initiate secondary responses in organs that propagate tissue
damage and dysfunction.”” This is also true in skeletal muscle in sepsis.”> The pro-
inflammatory state associated with bed rest and critical illness may also cause increased
production of reactive oxygen species (ROS), which plays a role in oxidization
myofilaments, resulting in contractile dysfunction and atrophy.”” The increase in ROS
and imbalance in the cytokine profile can further disrupt the balance between muscle
synthesis and proteolysis, with a net loss of muscle protein and subsequent muscle
weakness.”’

There are many factors that may influence the action potential, and therefore
contribute to a weak muscle contraction.”> Specific to adults who are critically ill is a
decrease in pH caused by uncompensated respiratory or metabolic acidosis, increased in
body temperature caused by fevers, hypoxia caused by a decrease in blood flow from that

3 For our CI cohort, ifa

body area, or increase in muscle fiber depth from fluid shifts.>
subject is starting in a systemically acidic state, there may be less tolerance for muscle

activity. This is because there is already an increase in hydrogen ions, which increases
y y

with exercise. The hydrogen ions and phosphate directly reduce the force output of the
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high-force states.*® The extent of the changes in these ions is directly related to the
intensity of work and fiber type, with type II showing the lowest pH and highest
phosphate levels.*

Dynamometry

Dynamometry was incorporated into the protocol for recovery measurements
because of its clinical application. Hand help dynamometry (HHD) is a portable
alternative for obtaining objective measures of muscle strength.”® Reliable and valid
measures can be obtained if the dynamometer has a high measurement ceiling and an
adequately padded end-piece so long as the tester using the HHD possesses sufficient
strength and performs make tests.””

After an isometric contraction, the knee extensors of HY and HO recovered by 11
minutes and remained recovered at 14 minutes. The CI did not achieve recovery of their
knee extensors based on dynamometry at 11 minutes, as there was still a statistically
significant difference between their baseline and recovery measurements, however did
achieve recovery at 14 minutes. This is in contrary to the CI's SEMG data, which
indicates the rectus femoris recovered at 0 minutes and the vastus lateralis at 1 minute,
and stayed recovered for the remaining time points. Therefore, the HHD may not be
sensitive enough to capture smaller changes in force output.

After a dynamic contraction, the knee extensors of HY, HO, and CI recovered by
11 minutes, and for the HY, HO, and CI remained recovered at 14 minutes. The CI
demonstrated a relapse in recovery at 14 minutes. For the rectus femoris, the CI
recovered at 1 minute and stayed recovered for the remaining time points. Again, this

could be due to the insensitivity of the HHD, or actual fatigue, as this measurement was
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at the end of the entire protocol. Subjects may have been fatigued from completing the
study and/or specifically the dynamic portion, which included concentric contractions,
requiring recruitment of a greater number of motor units and energy.

Consideration must be given to the recruitment of other muscles since HHD was
not isolated to the rectus femoris or vastus lateralis. Additionally, only one measurement
was taken at the recovery time points of 11 and 14 minutes, compared to an average of 3
measurements for the baseline measurement. Future research is needed to compare
dynamometry’s sensitivity to recovery at earlier time points, as muscles may be
recovered at earlier time points, allowing for a more efficient and effective therapy
session.

Relationship Between Time to Task Failure and Time to Recovery

For an isometric contraction, the HY’s rectus femoris and vastus lateralis
demonstrated a very weak — weak, positive correlation between TTTF and time to
recovery. For a dynamic contraction, all, with the exception of HO’s vastus lateralis and
CI’s rectus femoris, showed minimal — no association. HQO’s vastus lateralis showed a
weak, positive correlation, while the CI’s rectus femoris showed a moderate, negative
correlation. Consideration should be given to the fact that there was not a statistically
significant difference between analysis points A and B after a dynamic contraction in
HY. Being that HY had the largest sample, this could contribute to a minimal — no
association.

Potential Problems and Limitations
There are limitations to this study. First, the CI sample size was relatively small.

Second, there are large standard deviations during TTTF of the rectus femoris and vastus
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lateralis during an isometric contraction and dynamic contractions in HY, HO, and CI.
This demonstrated a wide variation of time to fatigue, and therefore a larger sample size
is warranted to assist in decreasing the sample size. Thirdly, specific to those who were
critically ill, despite a respiratory diagnosis being their admitting diagnosis, subjects were
intubated at varying lengths. Additionally, length of stay and testing day varied
immensely. Lastly, all subjects with critical illness had already progressed to a step down
unit, with the majority having therapeutic interventions initiated. This is in contrast to
previous studies on [CUAW, which primarily take place in medical ICUs.
Future Directions

Future studies warrant a larger, more homogenous group of subjects who are
critically ill, including similar diagnosis, severity of illness, and ICU length of stay.
Secondly, efforts should be made to conduct testing in the ICU around comparable day to
their length of stay. Thirdly, ideal testing should be performed prior to initiation of early
mobility to capture a more authentic representation of muscle fatigue and recovery,
resulting from ICUAW. Lastly, follow up analysis should be performed to understand

the impact of therapeutic interventions, with comparison to age-matched norms.
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CHAPTER 5

CONCLUSIONS

The growing population contributes to an increase in treatment of many serious
conditions including respiratory insufficiency/failure, postoperative management,
ischemic heart disorder, sepsis, and heart failure, resulting in an increase in intensive care
unit (ICU) admissions.® Annually, more than 5 million people are admitted to ICUs in the
United States.® As a result of invasive and life-saving treatments, patients are routinely
placed on bed rest to reduce oxygen consumption and allow healing and recovery from
the primary illness.'” In addition, sedatives, and on occasion, neuromuscular blocking
agents are used to avoid pain and promote ventilator synchrony, prolonging the time of
bed rest and immobility for critically ill individuals.'” Bed rest for adults who are
critically ill and in the ICU is associated with rapid muscle atrophy and muscle weakness,
commonly referred to as Intensive Care Unit Acquired Weakness (ICUAW). ICUAW
designates clinically detected weakness in patients who are critically ill and there is no
plausible etiology for the weakness other than critical illness.'” Patients with I[CUAW
and documented polyneuropathy and/or myopathy are classified in three categories:
critical illness polyneuropathy, critical illness myopathy, or critical illness
neuromyopathy.12

The mechanisms underlying ICUAW are unclear but may be related to
physiological changes in the musculoskeletal system. These physiological changes may
occur because of critical illness (i.e. increased reactice oxygen species, pro-inflammatory

cytokines, malnutrition) and bed rest. Bed rest puts patients at risk for an array
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complications across multiple systems.'' However, of interest to this study is the
musculoskeletal system. Musculoskeletal impairments include, but are not limited to,
muscle atrophy, decreased muscle strength, decreased exercise capacity, connective
tissue shortening and joint contractures.'' Such musculoskeletal effects of bed rest are
generally quite familiar to physical therapists, however, bed rest associated with critical
illness leads to decreased muscle protein synthesis and decreased muscle mass, especially
in the lower extremities, accelerating patients’ body structure changes.''

The frequency of clinical peripheral muscle weakness has been reported in 25% to
33% of patients who are mechanically ventilated for four to seven days and in 60% of
patients with acute respiratory distress syndrome.” Of note, proximal muscle weakness
is more common due to systemic corticosteroid use, as well as metabolic changes.'' This
could alter or impair their functional mobility, specifically the lower extremity muscles
which are vital for standing, walking, and activities of daily living. As a result,
individuals who survive acute respiratory distress syndrome have persistent functional
limitations five years after being discharged from the ICU, largely due to muscle wasting
and weakness.'® In addition, ICU survivors also often have lower bone mineral density,
pressure ulcers, cognitive and psychological deficits, and additional pulmonary
infections. These body structure and function changes often restrict a patient’s post-ICU
functional activities, resulting in prolonged psychological and physical recovery periods,

decreased rates of return to work, and reports of decreased quality of life.'®
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Because of these findings, critical care medical teams and rehabilitation therapists
have begun implementing early mobilization and rehabilitation programs. The programs
were found to be safe and feasible, and demonstrated better functional outcomes at
hospital discharge, a shorter duration of delirium, decreased number of days receiving
mechanical ventilation, and a decreased length of stay in the ICU and hospital.'”'®

One method to assess ICUAW neuromuscular dysfunction is through
electrophysiological studies.'> Surface electromyography (SEMG) is a measure of the
myoelectic activity generated during muscle contraction.* The structural unit of a muscle
contraction is the muscle cell or muscle fiber. Muscle fibers are supplied by the terminal
branches of one nerve fiber or axon whose cell body is in the anterior horn of the spinal
grey matter. The terminal branch and all the muscle fibers supplied by these branches,
together constitute a motor unit. The motor unit is the functional unit, with a descending
motorneuron causing all the muscle fibers in one motor unit to contract almost
simultaneously.”’ The electrical signal emitted by the muscle fiber during each activation
is referred to as the myoelectric signal and can be measured using EMG.* The output of
the EMG signal is a time series that allows quantificiation of muscle excitation.® The
use of SEMG to study muscle function in aging adults could improve our understanding
of muscle performance.

sEMG has many applications. It can be used obtain parameters, such as force,
activation time, and fatigue, from individual or groups of muscles. sEMG can also be
used to compare behavior of different muscles, such as contribution to movement, co-

activation, and pattern identification.*
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When studying localized muscular fatigue, the frequency components of the surface
EMG signal have been known to decrease when a contraction is sustained.*’

Clinical muscle tests (i.e. manual muscle tests) has been used to measure muscle
strength in adults who are critically ill. sEMG has been used to measure muscle fatigue
and recovery in healthy younger and older adults. However, no one to our knowledge
has looked at muscle fatigue and recovery in adults who are critically ill, let alone used
SEMG to study muscle muscle performance. Improved understanding of muscle fatigue
and recovery in adults who are critically ill could better guide early mobilization and
rehabilitation efforts directed at improving function. Therefore, the primary objective of
this study is to improve our understanding of muscle fatigue and recovery in adults who
are critically ill using SEMG technology and experimental procedures to be used in an
ICU environment.

Aims / Findings

The primary objective of this study is to improve our understanding of muscle
fatigue and recovery in adults who are critically ill using SEMG technology and
experimental procedures to be used in an ICU environment. Muscle fatigue and recovery
was determined by measuring time to task failure (TTTF) and time to recovery in adults
who were healthy younger (HY), adults who were healthy older (HO), and patients who
were critically ill (CI) after an isometric contraction and dynamic contraction. The main
variables of interest are time to task failure (seconds) and time to recovery (seconds based
on median frequency).

The specific aims were to 1) measure time to task failure (TTTF) after a sub-

maximal isometric contraction and dynamic contraction in HY, HO, and CI; 2) measure
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time to muscle recovery after a sub-maximal isometric contraction and dynamic
contraction in HY, HO, and CI; and 3) characterize a relationship between TTTF and
time to recovery. Our hypotheses were that 1) CI would demonstrate a shorter TTTF
than healthy subjects during an isometric contraction and dynamic contraction; 2) HY
would demonstrate a shorter time to recovery, followed by HO, then CI after both an
isometric contraction and dynamic contractions; and 3) there was no relationship between
TTTF and time to recovery within group.

For our first aim, during the isometric contraction, CI fatigued first, followed by
HY, and HO. There was a statistically significant difference among time to task failure
and group (chi-squared with two degrees of freedom, p = 0.0288). A Wilxocon rank
sum test showed statistically significant differences between HY and HO (p = 0.03) and
HO and CI (p = 0.02), but no statistically significant difference between HY and CI (p =
0.45). During the dynamic contraction, CI fatigued first, followed by HO, then HY.
There was a statistically significant difference among time to task failure and group (chi-
squared with two degrees of freedom, p = 0.04). A Wilxocon rank sum test showed
statistically significant difference between HY and CI (p = 0.02) and HO and CI (p =
0.02), but no statistically significant difference between HY and HO (p = 0.73).

It is not surprising that CI fatigued first due to the complexity of ICUAW. When
designing an early mobilization and rehabilitation program, this pilot data demonstrates
that a rest break should be provided after a approximately 2 — 3 minutes of either
isometric or dynamic activity. For HY and HO, rest breaks should be implemented after
3 and 6 minutes, respectively, of an isometric activity. A rest break should be provided

after approximately 4 minutes of dynamic activity for both HY and HO.
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For the second aim, our hypothesis was not supported by our results, as there was
not a statistically significant difference for time to recovery between groups. After an
isometric contraction, for the rectus femoris, all groups had a high percentage of subjects
finish at analysis point E, with HY and HO having the same percentage recover at
analysis point C and D, respectively. For the vastus lateralis, among the three groups, the
HY had the highest percentage recovered at analysis point C. However, the largest
percentage of HY subjects recovered at analysis point E. The HO and CI had the same
percentage of subjects within group recover at analysis point D and E. After a dynamic
contraction, for the rectus femoris, the highest percentage of HY and HO recovered at
analysis point C, and CI at analysis point E. For the vastus lateralis, all groups had the
highest percentage of subjects recover at analysis point C, with the HO and CI having all
subjects recover before analysis point E. Because there was not a difference in time to
recovery amongst all three groups in both muscles, the amount of time for a rest break
cannot be determined form the study. Future research is warranted to understand an
adequate rest period. = However, considering that HY and HO achieved an “over
recovery” period after completing the isometric contraction and dynamic contraction
protocol, greater emphasis on isometric contractions prior to beginning early mobilization
and rehabilitation may be beneficial for CI.

For our last aim, for an isometric contraction, the HY’s rectus femoris and vastus
lateralis demonstrated a very weak — weak, positive correlation between TTTF and time
to recovery. For a dynamic contraction, all, with the exception of HO’s vastus lateralis

and CI’s rectus femoris, showed no association. HO’s vastus lateralis showed a weak,
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positive correlation, while the CI’s rectus femoris showed a moderate, negative
correlation. None were statistically significant.
Limitations

This study has limitations. Our study was powered based on the prior literature,
however our measures of TTTF in HY and HO groups demonstrated a wide variation.
This resulted in lower statistical power than expected, and may have impacted our ability
to detect statistically significant changes between conditions and groups. A larger sample
size would facilitate decreasing the standard deviation among both groups.

Second, based on prior studies we choose to use a moderately a low weight (30%
of MVIC force) for the fatiguing contraction. Many of our healthy subjects showed
recovery within the first minute of the recovery, reducing the variation in time to
recovery. A greater weight may provide a more local muscle fatigue effect or a harder
task and be more representative of a weight used in clinical therapeutic interventions. In
this study, only this single load value was used. Though this may be a possible limitation,
the value was consistent with prior literature and also provided a safe load for this first
study in adults who are critically ill in the ICU.

Another possible limitation is the inclusion and exclusion criteria of the adults
who were criticially ill in the study. This may have introduced heterogeneity, particularly
of their health and metabolic status, which may have affected muscle performance.
Despite a respiratory diagnosis being their admitting diagnosis, the subjects who were
critically ill were not homogenous in the acuity of their illness, and were not age and
gender matched to their healthy counterparts. Additionally, the protocol was provided at

different stages along the subjects’ hospital course. Lastly, all subjects with critical
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illness had already progressed to a step down unit, with the majority having therapeutic
interventions initiated. Though this may have limited our ability to determine group
differences.

Future Directions

Assessment of muscle fatigue and recovery should be assessed with a greater
external load to improve external validity. In addition, the differences in muscle fatigue
and recovery should be assessed in close- vs. open- chained activities. This study was
performed with a supine open chain activity to allow carryover to the CI, however
consideration must be given to closed chain, as most lower extremity functional
movements are closed chain activities. Thirdly, specific to HO, the subjects should be
stratified to assess differences amongst “old age” and “elderly”.** In this study, the cut
off for HO was 55 years of age, with the oldest being 96 years old. Specific to HO,
consideration should also be given to activity level, as regular exercise may slow the
physiological aging process. Lastly, implementation of microdialysis techniques, which
perform continuous measurements of interstitial pH during and after muscle activity,
would be ideal to understand local metabolic changes, which could assist in
understanding the physiological changes that occur with submaximal fatigue.

Specific to patients who are critically ill, future research warrants a larger, more
homogenous group of subjects, including similar diagnosis, severity of illness,
supplemental oxygenation (invasive vs. non-invasive), and duration of supplemental
oxygen. Secondly, efforts should be made to conduct testing in the ICU around
comparable days to their length of stay. Thirdly, ideal testing should be performed prior

to initiation of early mobility to capture a more authentic representation of muscle fatigue
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and recovery, resulting from ICUAW. All three modifications would assist in making
results more generalizable. In addition, follow up SEMG analysis should be conducted to
assess the effect of therapeutic interventions on muscle strength, fatigue, and recovery.
Consideration must also be given to medical management, including sedatives and
paralytics, as well as pH, which if in a more acidotic state, has greater hydrogen ions,
which could influence fatigue. Lastly, being that sepsis is a primary admitting diagnosis
and these indivivduals may present with muscle weakness that is not necessarily
ICUAW, efforts should be made to assess if there is a difference in SEMG signals
between muscle wasting from sepsis and ICUAW.
Conclusions
This was the first study, to our knowledge, that studied muscle fatigue and muscle
recovery using surface electromyography in patients with critical illness. From a study
design perspective, the use of surface electromyography using Bluetooth technology was
safe and feasible in the ICU setting. No adverse effects were reported in CI. From a
clinical perspective, despite a small sample size, CI showed comparable time to task
failure and recovery time frames to HY and HO, indicating that perhaps patients do not
need extensive five to ten minute rest breaks as commonly provided. Consideration to
applied weight, as well as muscle fatigue and muscle recovery, should be given when
designing an exercise program to appropriately tax the vulnerable muscle, while still

preventing further muscle damage.
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Subject ID Number:

APPENDIX A

SUBJECT INTAKE FORM

Muscle Fatigue and Recovery Across the Life Span
in Individuals who are Healthy & Critically Il

Subject Intare Doto Form

Interviewer:

Date:

Date of Birth / Age

Gender

Race

Height

Weight

Past Medical History Netes:

(date of diagnosis)

Past Surgical History Netes:

(date)

Current Medications

Current Activity Level

S TLe. shopping, cooking, doing laundry)

-Moderate (Le. walking briskly, water aercbics, bicycding <10 mph, tennis, ballrcem dancing,
general gardening)

- Vigorous (Le. race walking, jogging, renning, swimming laps, tennis, aerobic dancing, bicycling
>10 mab, jumping rope, heavy gardening]

Other Netes:

112




APPENDIX B
REPRESENTATIVE EMG DATA

Representative data from one subject / group is present. This data includes plots
of raw EMG data used for visual assessment, the median frequency of the first five
seconds and the last five seconds of the fatiguing contraction via periodogram, and the
corresponding spectrogram. This is included for each muscle (rectus femoris, vastus
lateralis) under both conditions (isometric, dynamic) for all three groups (HY, HO, CI).

Healthy Younger
Isometric

Vastus Lateralis

HY > ISOMETRIC > VL
12 T T T T T T T

08+ -

06 -

Amplitude

<10*

Figure B-1 Representative EMG data of the HY’s vastus lateralis during an isometric
contraction.
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HY VL: EMGLS5s: Median Frequency Estimate: 53.618 Hz
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Figure B-2 Representative median frequency EMG Data of the first five seconds (a)
and the last five seconds (b) of an isometric contraction in a HY’s vastus lateralis.
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Figure B-3 Representative spectrogram of the HY’s vastus lateralis during an isometric
contraction.
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Dynamic
Rectus Femoris

HY > DYNAMIC > RF
15 I I I

Amplitude

1.5 ' ' L
0 1 2 3 4 5 6

Time <10*

Figure B-4 Representative EMG data of the HY’s rectus femoris during a dynamic
contraction.

HY > DYNAMIC > RF: EMG5s: Median Frequency Estimate: 79.447 Hz
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Figure B-5 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of a dynamic contraction in a HY’s rectus femoris.
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HY >ISOMETRIC > RF
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Figure B-6 Representative spectrogram of the HY’s rectus femoris during a dynamic
contraction.
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Vastus Lateralis

HY > DYNAMIC > VL

1 T T T T T

Amplitude

=11l .

.15 1 1 1 1 1
0 1 2 3 4 B 6
Time 104

Figure B-7 Representative EMG data of the HY’s vastus lateralis during a dynamic
contraction.

HY > DYNAMIC > VL: EMGS5s: Median Frequency Estimate: 67.661 Hz
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Figure B-8 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of a dynamic contraction in a HY’s vastus lateralis.
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Figure B-9 Representative spectrogram of the HY’s vastus lateralis during a dynamic
contraction.
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Healthy Older

Isometric
Rectus Femoris
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Figure B-10 Representative EMG data of the HO’s rectus femoris during an isometric
contraction.
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Figure B-11 Representative median frequency EMG data of the first five seconds (a)

and the last five seconds (b) of an isometric contraction in a HO’s rectus femoris.
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HO >ISOMETRIC > RF

3
Power/frequency (dB/Hz)

-110

Figure B-12 Representative spectrogram of the HO’s rectus femoris during an isometric
contraction.

Vastus Lateralis
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Figure B-13 Representative EMG data of the HO’s vastus lateralis during an isometric
contraction.
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Figure B-14 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of an isometric contraction in a HO’s vastus lateralis.
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Figure B-15 Representative spectrogram of the HO’s vastus lateralis during an isometric
contraction.
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Dynamic
Rectus Femoris
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Figure B-16 Representative EMG data of the HO’s rectus femoris during a dynamic
contraction.
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Figure B-17 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of dynamic contraction in a HO’s rectus femoris.
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Figure B-18 Representative spectrogram of the HO’s rectus femoris during a dynamic
contraction.
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Figure B-19 Representative EMG data of the HO’s vastus lateralis during a dynamic
contraction.
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Figure B-20 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of a dynamic contraction in a HO’s vastus lateralis.
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Figure B-21 Representative spectrogram of the HO’s vastus lateralis during an isometric
contraction.
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Isometric
Vastus Lateralis

Cl > ISOMETRIC >VL
0.1 T T T T T T

005

Amplitude

-0.05

0.15 I I I I I I I I I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time

Figure B-22 Representative EMG data of the CI’s vastus lateralis during an isometric
contraction.
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Figure B-23 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of an isometric contraction in a CI’s vastus lateralis.
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Figure B-24 Representative spectrogram of the CI’s vastus lateralis during an isometric
contraction.
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Rectus Femoris
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Figure B-25 Representative EMG data of the CI’s rectus femoris during a dynamic
contraction.
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Figure B-26 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of a dynamic contraction in a CI’s rectus femoris.
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Figure B-27 Representative spectrogram of the CI’s rectus femoris during a dynamic
contraction.
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Vastus Lateralis
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Figure B-28 Representative EMG data of the CI’s vastus lateralis during a dynamic
contraction.
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Figure B-29 Representative median frequency EMG data of the first five seconds (a)
and the last five seconds (b) of a dynamic contraction in a CI’s vastus lateralis.
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Figure B-30 Representative spectrogram of the CI’s vastus lateralis during a dynamic
contraction.
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