Adria D. Finch. Neural mechanisms contribute to the age-related incneastabolic cost of
gait. (Under the direction of Tibor Hortobagyi) Department of ExercideSgort Science, April
2010.

Aging is associated with biomechanical and physiological changes irakekgan systems,
including neural changes of voluntary movement. One manifestation of age-rektgesim
neural control of gait is the increased activation of muscles that are antagdhesprime
movers during the stance phase of gait. Another age-related adaptation iseidiseithc
metabolic cost of locomotion. Several studies have attempted to link gait nosctoattie
increased cost of transport, but none of the mechanical gait variables accouttiechtye-
related increase in oxygen uptake. Here we hypothesized that the relateskintraatabolic
cost during gait is mediated by increased antagonist muscle coactivaliiid.amid oxygen
consumption data were collected during treadmill walking to determine the tehashtagonist
muscle coactivation and metabolic cost. The data revealed that old subjecsneeagkri
significantly greater levels of both coactivation and metabolic cost. Oldaslhjad 4-17%
greater levels of metabolic cost of gait than young subjects, and 53-61%r ¢geals of total
antagonist muscle coactivation than young subjects. Regression anatysed that there was

a strong association between the level of antagonist muscle coactivatioetaholra cost of

gait, suggesting that neural factors contribute to the age-related netadagtations in gait.
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CHAPTER I: INTRODUCTION

Population distribution in the United States has been drastically charifregy year the
United States has a greater percentage of old individuals within its demogrdplttits year
1993 the average life expectancy was 76. By 2050 the average life expestestoyated to be
somewhere between 82 and 87 years old (US Census Bureau). As the United Stateésrpopulat
increases in age it is necessary to promote research to address conceaisdidatwith aging.
This type of research will help physicians and other professionals to provide paopdnat
older populations require.

Research has shown that as people age, their bodies naturally go through changes
involving nearly every anatomical system. One of these physiologicalehanglves changes
in neural control of voluntary movement, specifically increases in antagonistemus
coactivation. This increased muscle coactivation, which is the concurrentiantgpairs of
muscles on the opposite side of a joint is caused by both cortical and spinal chamigethevit
nervous system. There are several functional roles of muscle coactivationngchaleasing
joint stiffness, increasing joint stability (Hortobagyi and DeVita 200®jsteg with learning
new skills (Person and Roshchina 1958), and decreasing reaction time (Park 2002).

Another change that old adults experience with locomotion is an increase in energ
consumption. OId individuals use more oxygen and work at a higher percentage of their
maximal oxygen uptake (V&nhax) during gait as compared to younger individuals (Malatesta,
D., D.Simar et al. 2004). This occurs when older individuals walk at both absolute and self-
selected gait velocities. This increase in metabolic energy could bEldaysany factors
including changes in mitochondrial function, and muscle sarcopenia, and deceedssa ¢

output.



It is possible that one of the other physiological changes associated with dasénicr
energy consumption old people experience is increased antagonist muscle coactivéen
people perform voluntary movements with high levels of muscle coactivation thagtiaaing
a larger muscle mass than needed to perform the task, which will in turn incrggse ard
energy demands. Additionally since the antagonist muscles are producing roeyéher
agonist muscles need to contract more forcefully in order to overcome that Tdriseshould
increase the oxygen and energy demands of a person, because greater levielaeddAib be
produced in both agonist and antagonist muscles.

Hypothesis

Several hypotheses were investigated within this study. The global hgigotfees that
the age related increase in oxygen consumption was caused by increasaistntagcle
coactivation during normal gait. The first sub-hypothesis was that an agevediuld be present
in which old adults would experience greater levels of both metabolic cost ahdantagonist
muscle coactivation. The second sub-hypothesis was that as gait velociig@ucamtagonist
muscle coactivation also increased. Finally, the third sub-hypothesibatadldre would be a
task main effect; decline walking would cause greater levels of co@mtivhan incline walking.
Purpose

The purpose of this study was to compare the cost of locomotion and EMG muscle
activity in antagonist muscles in old and young adults during gait, and to detefrtiere was a
relationship between the metabolic cost of motion and the amount of antagonist muscle

coactivation during this motion.



Delimitations

1) All subjects were healthy and free of pain during normal gait. They had no laétory

2)
3)

4)

5)

lower extremity injury. Additionally they were free of neurologicabdikers,
cardiovascular disease, and musculoskeletal problems.

Subjects were men and women, and had a Body Mass Index of <30 kg/m?

Subjects had normal function in activities of daily living.

The study looked at EMG activity in one leg during 1 resting condition and 5 walking
conditions for six minutes.

Young subjects were 18 — 25, and old subjects were 70 — 85.

Limitations

1)

2)

3)

4)

5)

The Cosmed mask may not have always completely and perfectly sealed around a
subject’s face.

The EMG signals could have been affected by biological tissue content.

Some subjects were not completely comfortable walking on the treadmill, andareay h
altered their normal gait.

The subjects may have felt restricted or weighed down by the Cosmed equipment.

The study looked at self selected, slow, fast, incline, and decline walking oosditi

Operational Definitions

Young adult: males and females 18-25 years of age

Old adults: males and females 70-85 years of age

Muscle coactivation: the average antagonist muscle activitgl levhen the agonist is

contracting. This value was normalized to the subjects’ maximal voluntamnacton.



CHAPTER II: REVIEW OF THE LITERATURE
Cost of Locomotion in Old Adults

Cost of locomotion is defined as how much energy is necessary to move from one place
to another. Itis dependent on many things including locomotion speed, fitness level,.and age
Old individuals use more energy to walk a given distance than young individuaZladand
Adams 2002; Malatesta, Simar et al. 2003).

One possible reason for increased metabolic cost of gait in old adults may be due to
decreased mitochondrial function. The mitochondria are constantly generatitiga@®xygen
species that eventually damage the mitochondrial DNA (mtDNA) (Har2003). These
changes in the mtDNA eventually cause dysfunction in the electron trasggi@in which
reduces the ATP production of the mitochondria (Dirks, Hofer et al. 2006). Mitochondrial
dysfunction may cause cell death which in turn mediates neurodegemaradisarcopenia
(Marzetti and Leeuwenburgh 2006). Mitochondrial dysfunction and cell death rheaot
individuals yield fewer ATP from the electron transport system. This anefity causes old
adults to use more oxygen and have greater metabolic cost than young adults.

However, even though mitochondrial dysfunction occurs it isn’t the main contributor to
increased cost of locomotion in older individuals. As people age the mitochondrial dgsfunct
they experience mainly occurs in type Il muscle fibers, while mitochomdoila people’s type |
muscle fibers actually become more efficient (Deschenes 2004). Therefime)ondrial
dysfunction is not the sole cause for age related increases in energy camsumpé exact
cause of the increased cost of locomotion that old individuals experienckedslstifable.

However, the fact that old adults experience increased antagonist muscleatioactinereby



activating and using more muscles than young individuals, may in fact playia meeased
metabolic cost of gait.
Mechanical Parameters of the Cost of Locomotion

Some researchers have previously speculated that an increase in metabalic
locomotion was due to changes in the mechanics of gait that older individuals experienced.
Cross sectional data has indicated that when energy consumption during locomosiasescr
biomechanical changes in gait also occur Waters, Lunsford et al. 1988). Oldaalbtitter
their patterns of locomotion thereby changing the normal kinetic and poemdigies that they
utilize, or they may have to use more energy to stabilize their body during lecomot

Old adults actively change and control their step width more than young @&hreslgn,
Shipman et al. 2004). This allows them to alter the level of stability used during>d@iadults
stabilize their joints more during walking, by increasing their step width. Emelto take
wider steps and adjust their step width more frequently than young indiviQwailsgs and
Grabiner 2004). Altering step width ultimately requires people to use moteameal energy
and also forces them to consume more oxygen (Donelan, Shipman et al. 2004).

In addition to altering their step width and stability, old adults also changevidl&ing
mechanics which may lead to changes in oxygen consumption. Old adults perform more
positive work on their center of mass than young individuals during most gait phases
(Hernandez, Silder et al. 2009). It has also been shown that as people age the¥iftave a s
joint forces. Old individuals have higher joint torques and powers in their hips and knees than
young individuals (DeVita and Hortobagyi 2000).

The mechanical changes that old adults experience may be taxing intemesgy

consumption, however it is unlikely. Mian et al. determined that healthy old individuals do not



experience a significant increase mechanical work during gait. ®hemechanical changes do
not account for the age related increase in metabolic cost of gait. Old aduttweler
experience a greater amount of antagonist muscle coactivation, which mayhesb®f the
increased metabolic (Mian, Thom et al. 2006).

Purpose of Muscle Coactivation

Muscles directly involved in producing a desired movement are known as agonist
muscles. Those agonists of greatest importance are the prime or principte miole less
important agonist muscles are known as assistant movers or synergists.

Antagonist muscles have actions opposite of the agonist and are genertdy totthe
opposite side of a joint. In order to be metabolically efficient it is desiralilave the
antagonist relaxed during the agonist action thereby reducing the amount of arsole mass
(Truijens, Noordermeer et al., 2005). If the antagonist is relaxed, the agoniét carsexert a
full amount of joint torque without having to overcome the force produced by the antagonist.
When both the agonist and antagonist muscles are simultaneously contractitigatooac
occurs.

Although muscular coactivation can be metabolically costly it does in faet several
purposes. In 2000 Hortobagyi and DeVita determined that during downward stepping
individuals began coactivating antagonist muscles before ground contact allbanmgpt
prepare for impact. This preparation was viewed as a protective stabilizohgumsm.
Antagonist coactivation increases joint stability by increasing the mevecontrol in a joint.
Muscular contractions on both sides of a joint make the joint more rigid by créaisign
around it. This increases joint stability, especially in motions that requieateéiconuscle

contractions (Hortobagyi and DeVita 2000). Increased joint stability throughvaiam



decreases the risk of injury and can also increase the longevity of a jaaioudrresearch has
also shown that during faster joint movements antagonist muscle activatiaasene order to
provide better joint stability for individuals (Zijlstra 2004). This study lookdubat both the
type of muscle contraction during gait, and the velocity during gait affentaganist muscle
coactivation

Coactivation also provides increased coordination. Person et al. found that when learning
a new task individuals increased coactivation for better control over the task nmbyanaethen
reduced coactivation when they were comfortable with the task. Therefore, vapde peed to
have careful, coordinated movements they are more likely to increase thelie cagsctivation
(Person and Roshchina 1958).

Coactivation of the antagonist is also used to moderate the force output of the agonist.
This is often seen in movements where accuracy is focused on rather than speeduldsfa re
training or practice, such coactivation is usually reduced (lves 2006).

One way to decrease response time and increase quickness is to use muscular
coactivation. When antagonist muscles are pre-activated or alreadyl&éssgime is required
to fully activate them. Therefore, it is easier to fully activate thegamist muscles in order to
change direction or to change the type of movement being performed.

Antagonist muscle coactivation exists for many reasons. However wheniis @cc
could be increasing metabolic cost. Therefore if coactivation is occatrimgime when it is not
providing a specific function it is essentially wasting energy for the .b&#pple are more

energy efficient when there are minimal levels of muscle coactivation.



Muscle Coactivation in Aging

As people age their bodies go through many changes, including transformations of thei
nervous systems, and musculoskeletal systems. These modifications foreeloldeto adopt
new ways of performing everyday tasks. One way that old individuals will enary
increasing their antagonist muscle coactivation in both single (Pattenaaneinkc000) and
multi-joint tasks (Mian, Thom et al. 2006).

Reciprocal inhibition is a common neuromuscular phenomenon in which an antagonist
muscle relaxes while an agonist muscle contracts. It is mediatéeé Iy inhibitory interneuron
which sends signals to the antagonist muscle telling it to relax. Old adulttseexpalecreased
presynaptic inhibition of their la inhibitory interneuron (Earles, Vardaxa.2001). This
means that a stronger signal from the agonist muscle is required to makatumshimuscle
relax in old individuals compared to young individuals. If a large signal from thesagaounscle
does not occur, the antagonist muscle won't be inhibited and will contract, causing muscl
coactivation to occur.

Nielsen proposed that another reason for increased muscle coactivation in old ifglividua
was due to afferent and supraspinal pathways converging on the same interneuron. He
speculated that interneurons were receiving input from multiple locatios whiised them to
have a higher resting threshold. Since these interneurons were already skgit¢ld they
required a smaller action potential in order to reach threshold. This means thtdrtieurons
fired more frequently in old individuals than in young individuals. Since interneuraesmare
likely to reach threshold, agonist and antagonist muscles were more likely @actamnthe same

time (Nielsen 2004).



Cortical changes in old individuals also seem to alter antagonist musctyatan
levels. It has been proposed that in old individuals there is a reduced suppressias of e
brain that control antagonist muscle movement. In other words, areas of the bragreaare
excited, thereby more likely to cause muscle contractions.

Old adults also experience greater overall cortical stimulation during maveme
(Hutchinson, Kobayashi et al. 2002). This most likely occurs because the cortical and
subcortical structures are reorganized due to age related neurodegradaisothegfadation
forces old individuals to actively recruit greater areas of their brain. Whdmaimeexperiences
greater overall activity it is more likely to cause contraction of both agamisantagonist
muscles at the same time.

If older adults are in fact experiencing greater antagonist musclevedan they in turn
need to supply energy to those antagonist muscles being used. This increase inséintagoni
muscle activity may be the reason older adults use more energy forayveasgks.

Summary

It has been proven that old adults coactivate their muscles more than young adults
(Hortobagyi and DeVita 2000). This is caused by both spinal and supraspinal mechangms. Ol
adults also consume more metabolic energy than young individuals (Mian, Thom et al.12006)
is important to determine if the age related increase in energy consumptiortosmttreased
antagonist muscle coactivation. This will help researchers and physicians tstamdienore
aspects of aging, which is becoming more and more important as the generaigopula

increases in age.



CHAPTER Illl: METHODOLOGY

ubject Characteristics

Two groups of 12 subjects were recruited. The first group consisted young adlds (ma

6, females: 6, age: 20.9+ 0.7, BMI: 22.3+ 0.4). The second group of subjects was composed of

old adults (males: 5, females: 7, age: 77.3+ 1.4, BMI: 24.3+ 1.0). Table 1 in the Appendix shows

the complete subject characteristics.

Inclusion Criteria

1)

2)
3)
4)
5)

6)

The subjects fell into one of the desired age categories: young 18-2504ea13-90
years.

Healthy and mobile during gait and other activities.

Free of pain and had no difficulty performing activities of daily living.

A BMI less than or equal to 30.0.

Were able perform all experimental procedures safely and without dificult

Provided written informed consent

Exclusion Criteria

1)

2)

A history of a serious lower extremity injury
Orthopedic problems including osteoporosis, joint replacements, lower extremity or

back surgery

3) A history of cardiovascular disease including uncontrolled high blood pressure, a

4)

5)

history of heart attacks, coronary artery disease, peripheral arteagealise a
pacemaker placed in their heart
Neurological abnormalities including stroke, dementia, Parkinson’s djsstase

Unable to pass the SPPB

10



6) Could not perform the experimental tasks

7) Smoked cigarettes within the past 6 months
Sudy Design

Between group comparisons were made to look at energy consumption data, and
antagonist EMG data. These determined if any age main effects were .pf&gecitically, they
determined if old adults had higher metabolic energy consumption, and also if o&dredlult
greater antagonist muscle coactivation. Additionally comparisons were madebetelocities
to determine if a velocity main effect was present for antagonist mesatdivation levels, and
comparisons were made between different tasks to see if there was a conai@ff@ct.

The subjects performed 6 experimental conditions in which their VO2 and muscle
activity was measured. There was a resting, a self-selected wslerd, a fast walking speed,
a slow walking speed, an incline, and a decline condition. The data collected durirngdlese
was used to determine the subject’s energy consumption and antagonist musielaticvact
Equipment

Walking was performed on a Simple 9600 Platform Vision (Vision Fitness) trkadmi
EMG data was collected by a Bortec EMG system (Bortec Biomddidglusing 4 channels
and a ground. A Cosmed K4b? (Cosmed) VO2 analyzer was worn to colledat&)and
Cosmed software was used to analyze thedéfa. Data were collected with Qualisys Track

Manager Software (Qualisys, Inc) and analyzed by MatLab (Mathworks)
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Experimental Protocol

Subjects were recruited on campus, by word of mouth, and by newspaper adeaitise
They participated in a phone interview and went through a movement screenirgs fjooce
determine inclusion in the study. Subjects wore shorts, sneakers, and a heaohitate
Before testing began subjects were given an informed consent form exptamexperimental
procedures, any risks, and that they could stop the test at any time. The inforneed fwons
was approved by East Carolina University’s IRB.

After signing the informed consent form the subjects completed the shortghhysic
performance battery protocol and score test (SPPB). This test deternhietbermor not a
person is classified as frail. If they were frail they were excdd®n the study. Their height
and weight was taken with their shoes on.

The subject’s skin was then be prepped for EMG electrodes. All electrodeplaezd
on the subjects’ right leg. The skin was shaved and cleansed with an abrasiveclein@amg
an alcohol pad at five different electrode sites, four muscle sites andoumel gite, in order to
guarantee good EMG signal conduction. The electrodes were placed on the distal portion of the
vastus lateralis (VL), the distal portion of the biceps femoris (BF), thieicef the tibialis
anterior (TA) muscle belly, and the center of the lateral gastroaree(h&) muscle belly. The
ground electrode was located on the fibular head.

Finally the subject wore the Cosmed K4b2. The correct size mask was detebaseel
upon a blow test. During the blow test the subject had the mask strapped to their face. The
experimenter covered up the air hole with their hand and asked the subject to exhalass ha
they could. If air escaped the mask either a different size mask was neediastonents to the

fit of the current mask were made. They wore the Cosmed analyzer pack ondkeir ba
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After the subject was outfitted for the experiment they performed manaaisted
maximal voluntary isometric contractions (MVCs) of each of the four mutag®d with
electrodes. To test the VL subjects sat in a chair with their right knee bepratianately 60
degrees. The tester held the subject’s leg in that position while they pushresd dgan trying
to extend their leg. When testing the BF the tester also held the subjeet aifggyoximately 60
degrees; the subject tried to bend their knee while the tester resisted the mdtemtegting
the TA the subject had their knee bent at 90 degrees. They then lifted their toegadtitice
while keeping their heel in contact with the floor. The tester tried to push thet&utges back
down to the ground and the subject was forced to resist the motion. The LG was tested by
having the tester hold the subject’s leg extended out in front of them in the air. Theae wa
slight bend in the subject’s knee. The subject tried to plantar flex their foot tvnilester
pushed against their effort.

The subject was acquainted with the treadmill. They learned how to properbnstart
stop walking on the treadmill by using its side rails. If the subject wasuenr felt
uncomfortable walking on the treadmill they were allowed time to becomédamith walking
on it.

There were six conditions each lasting six minutes. The first condition wagsaiae
resting condition. The subject stood calmly for the duration of the trial, as EMG araht¢O
were collected. The second test condition was always walking atselsdted speed. During
this condition the subject walked on a treadmill as it increased in speed. When thefslilgec
though they had reached their normal, everyday walking speed they notified the erparim
leave the treadmill at that speed for the duration of the trial. The remainingximenimental

conditions were randomized for each subject. They were level walking at 0.98 levseé
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walking at 1.2 m/sec, 6% incline at .98 m/sec, and 6% decline at .98 m/sec. Five mioutes i
each testing condition the subjects was asked to rate how hard they felt tva¢t@eyorking

on a rating of perceived exertion (RPE) chart. They will pick a number between 6 ahlde20.
subjects will rest 3 minutes between each trial.

Data Analysis

All EMG data will be collected at 960 Hz. The data will first be exported to Ssldile
to Visual3D (C-Motion), where it was exported as a .mat file to MatLab. Theregeam was
run to determine the amount of antagonist muscle coactivation for each muselé@sdgjonist
was active. The MatLab program that was used to analyze the data was mra@bnjunction
with Stanislaw Solnik.

In order to determine the amount of antagonist muscle coactivation the pragtam fi
filtered the data with a butterworth bandpass filter (cut-offs of 20 and 350 Hzx)parated
Teager-Kaiser Operator (TKEO) which enhanced the EMG signal Baisiag the signal to
noise ratio (Solnik, DeVita et al. 2008). This provided a clearer EMG signal wioeved the
drastic differences between EMG baseline and bursts. The program allowed line base
selected, and then determined exactly when the onset and offset of the mgsulstactivity
occured. A muscle burst occurred when EMG activity was greater than 10rdtdadiations of
the selected baseline, and lasted more than 20 msec. All activity when tret agmule was
inactive was ignored, and EMG envelopes were placed around the agonist mussleThest
intensity of the agonist and antagonist muscle contractions within the EMG®peavyalere
normalized to the subjects’ MVCs. The program then determined the averagadaaverage
normalized EMG amplitude of both the agonist and antagonist muscles while the agonist

muscles were active. This was done for each muscle when it was adtwegagenist. Total
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coactivation was expressed as the sum of VL, BF, TA, and LG normalized astagoni
coactivation values.

During the test the Cosmed performed a breath by breath analysis of oxyg@mdcos
carbon dioxide expenditure. The data analysis of the metabolic data involvesdnatjing all
the metabolic variables into 15 second intervals. Then the data was averagety byimvie, in
order to guarantee that subjects reached steady state. The subjectsl atbalyestate exercise
during minute four. Therefore, the metabolic data in minutes 5 and 6 were averagedrtty
determine the final values for all the metabolic variables.

The oxygen consumption data was used to establish the metabolic cost by daegermini
the gross metabolic power using the equation
((16.6 * VO2 Task * 1000 / 60) + 4.51 * (VCO2 Task * 1000 / 60)) / Mass (Brockway 1987)
Gross metabolic cost per meter using the equation
(Gross Met Power Task - Gross Met Power Standing) / Velocity.

These were determined for each minute within the 6 minute trial, however when ostigatiy
state values were used in reporting metabolic variables. Once steadyagatached (minute
4), each metabolic variable was averaged across the final 2 minutes of theQ8M (
Handbook 2008).

Satistical Analysis

The first statistical analyses were of antagonist muscle coaetivaatid metabolic data
during level walking at various velocities. A group (young, old) by velos#if-celected, .98
m/sec, and 1.2 m/sec) analysis of variance with repeated measuresdia coastivation and
variables for metabolic cost of gait was performed. This determinedefwWas an age main

effect, velocity main effect, or age by velocity interaction effect.
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The second statistical analyses were of antagonist muscle coactivetioretabolic data
during task dependent walking. A group (young, old) by task (incline, decline) aradlysis
variance with repeated measures for muscle coactivation and varialiesté&olic cost of gait
was performed to determine if there was an age main effect, task main eféeys, loy task
interaction effect.

Tukey’s Significantly different post-hoc test p < 0.05 was used to determinécsigai
for the ANOVA analysis.

Linear regressions between antagonist muscle coactivation and metabobitgaost
were also performed to directly test the global hypothesis that thelaggdrincrease in
metabolic cost of gait was due to increased antagonist muscle coactivationohd

individuals.
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CHAPTER IV: RESULTS

This chapter is separated into the following sections: 1) Metabolic Re$llevel
Walking and Task Dependent Walking, 2) Antagonist Muscle Coactivation Resubself L
Walking and Task Dependent Walking, 3) Association between Antagonist Muscligv&iac
and Metabolic Cost, and 4) Summary.

The global hypothesis was that the age related increase in metabbli@sahue to
increased antagonist muscle coactivation that old individuals experienced. sThaliir
hypothesis was that an age effect would be evident in metabolic cost and antagsnist
coactivation. Old subjects would have higher metabolic cost than young individuals, and old
individuals would also have higher antagonist muscle coactivation than young individnals. T
second sub-hypothesis was that there would be a velocity effect in antagosotd m
coactivation. As speed increased, antagonist muscle coactivation would alseindieashird
sub-hypothesis was based upon the task. Decline walking would elicit greagemasitenuscle
coactivation.

Metabolic Results of Level and Task Dependent Walking

This section addresses the first sub hypothesis which states that old aduhghar
metabolic cost than young adults.

During level walking old individuals experienced a significantly greldter(F = 8.421, p
=0.008), RPE (F =13.859, p = 0.001), M®@rmalized to body weight (F = 7.883, p < 0.001),
gross metabolic power (F = 6.407, p = 0.019), and gross metabolic energy cost per distance (
4.319, p = 0.050). Young individuals experienced a significantly greater RER (F = 4.981, p =
0.036). These are shown in Figures 1 through 6, and also represented in Table 2 in the

Appendix.
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Figure 1. Age main effect of heart rate during level walking. Old adults hgdificgintly
greater HR than young individuals. * denotes an age main effect.
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Figure 2. Age main effect of rating of perceived exertion during level walkihgd)in@viduals
had a significantly greater RPE than young individuals. * denotes an age main effect
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Figure 3. Age main effect of V\ormalized to body weight during level walking. Old
individuals had a significantly greater Y@an young individuals. * denotes an age main effect.

Gross Metabolic Power (Wkg)
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Figure 4. Age main effect of gross metabolic power during level walking. Olddidilg had a

significantly greater gross metabolic power than young individuals. * denotegeanain
effect.
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Figure 5. Age main effect of gross metabolic energy cost per distance duahgddking.
Old individuals had a significantly greater gross metabolic energy codigp@nce than young
individuals. * denotes an age main effect.
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Figure 6. Age main effect of respiratory exchange ratio during level walkingngr
individuals had a significantly greater RER than old individuals. * denotes an ageffeatn
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During task dependent walking conditions old subjects experienced signifigesdbgr
HR (F = 6.047, p = 0.005), RPE (F = 9.662, p = 0.005), Midmalized to body weight (F =
4.933, p = 0.037), gross metabolic power (F = 5.854, p = 0.024), and gross metabolic energy cost
per distance (F = 5.854, p = 0.024). Young subjects experienced a significartty BER (F
=4.472 p = 0.046). These data are shown in Figures 7 through 12, and also in Table 3 in the

Appendix.
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Figure 7. Age main effect of heart rate during incline and decline walking.n@idduals had
a significantly greater HR than young individuals. * denotes an age main effect.
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Figure 8. Age main effect of rating of perceived exertion during incline anchdeetlking.
Old individuals had a significantly greater RPE than young individuals. * denotes araage
effect.
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Figure 9. Age main effect of VO2 normalized to body weight during incline and decline
walking. Old individuals had a significantly greater VO2 than young individuals. * deante
age main effect.

22



Gross Vetabolic Power (Wkg)
w

Young old

Figure 10. Age main effect of gross metabolic power during incline and dedlkmgv Old

individuals had a significantly greater metabolic power than young individualsactesean age
main effect.
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Figure 11. Age main effect of gross metabolic energy cost per distarmaeg ithetine and
decline walking. Old individuals had a significantly greater gross metadodirgy cost per
distance than young individuals. * denotes an age main effect.
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Figure 12. Age main effect of respiratory exchange ratio during inclmhéeeline walking.
Young individuals had a significantly greater RER than old individuals. * denotes araage m
effect.

Figure 13 shows the percent difference between young and old for each metabolic

variable in which old individuals had greater values than young individuals.
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Figure 13. Percent difference between old and young for metabolic variables.

Different velocities also affected metabolic variables. There watoaity effect in HR
between .98 and 1.2 m/sec (F = 8.997, p = 0.001). RPE was significantly greater atyaofeloc
1.2 m/sec compared to both .98 m/sec and self selected velocities (F = 8.997, p = 0.050). VO2
was greater at a velocity of 1.2 m/sec compared to both .98 m/sec and st&dfisedocities (F
=14.279, p < 0.001). When VO2 was normalized to body weight each velocity was significantly
different from the others (F = 13.707, p = 0.010). Gross metabolic power was gteate
velocity of 1.2 compared to both .98 (F = 12.83 p < 0.001) and self selected (F =12.83 p =
0.050) velocities. Gross metabolic energy cost per distance (F = 11.924 p < 0.001) was
significantly lower at a velocity of 1.2 m/sec compared to both .98 m/sec and seiédel

velocities. These data are shown in Figures 14 through 19, and in Table 2.
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Figure 14. Velocity main effect of Heart Rate in old and young adults. HR duringse2 was
significantly greater than HR during .98 m/s&denotes a velocity main effect.
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Figure 15. Velocity main effect of rating of perceived exertion in old and yountsadRiPE
during 1.2 m/sec was significantly greater than RPE during .98 m/sec andesglde
velocities. @ denotes a velocity main effect.
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Figure 16. Velocity main effect of VO2. VOZ2 during 1.2 m/sec was significgréater than
VO2 during .98 m/sec and self-selected velocitesdenotes a velocity main effect.
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Figure 17. Velocity main effect of VO2 normalized to body weight in old and yountsadul
VO2 at each velocity was significantly different from the other two velacitiedenotes a
velocity main effect
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Figure 18. Velocity main effect of gross metabolic power in old and young adultss Gros
metabolic power during 1.2 m/sec was significantly greater than metaloolier during .98
m/sec and self-selected velocitias.denotes a velocity main effect.
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Figure 19. Velocity main effect of gross metabolic energy cost per distammld and young
adults. Metabolic energy cost per distance during 1.2 m/sec was signjfioarel than

metabolic energy cost per distance during .98 m/sec and self-selectetiesl@acdenotes a
velocity main effect.
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During task dependent gait, walking at an incline caused subjects to haveieasitipif
greater HR (F = 145.734, p < 0.001), RPE (F = 23.032, p < 0.001), VO2 (F = 270.542, p <
0.001), VO2 normalized to body weight (F = 256.835, p < 0.001), gross metabolic power (F =
236.489, p < 0.001), and gross metabolic energy cost per distance (F = 236.489, p < 0.001) than
when they were walking at a decline. These data are shown in Figures 20 throughTAhla

3.
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Figure 20. Task main effect of Heart Rate. HR during Incline was sigmifjcgreater than HR
during decline.m denotes a task main effect.
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Figure 21. Task main effect of RPE. RPE during Incline was significargitey than RPE
during decline.m denotes a task main effect.
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Figure 22. Task main effect of VQOWO: during incline was significantly greater than ¥O
during decline.a denotes a task main effect.
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Figure 23. Task main effect of V@ormalized to body weigh¥O: during incline was
significantly greater than VQluring decline.a denotes a task main effect.
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Figure 24. Task main effect of gross metabolic power. Gross metabolic poweyidaline
was significantly greater than metabolic power during declméenotes a task main effect.
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Figure 25. Task main effect of gross metabolic energy cost per distaruss rietabolic
energy per distance was significantly greater during incline than diecige. @ denotes a

task main effect.

There were no interaction effects for level walking conditions. Figures 50- Bé in t
Appendix show the metabolic variable values.

Figure 26 shows the interaction of age and task of RPE. Old subjects had raRjP&ate
than young subjects in both incline (F = 5.494, p < 0.001) and decline (F = 5.494, p = 0.050)
conditions. Additionally old subjects had a significantly greater RPE in inchitidwg
compared to their RPE in decline walking (F = 5.494, p < 0.001).

Figure 27 shows the interaction of age and task of RER. Young individuals experienced

greater RPE than old individuals during decline walking (F = 9.837, p < 0.001).
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There were no other significant age and task interaction effects; hothievather

variables may be seen in Figures 57 through 61 in the Appendix.
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Figure 26. Age by task interaction of RPE. Old incline RPE was significaneidyey than
young incline RPE, old decline RPE, and young decline RPE. Old decline RPEmhsasitly
greater than young decline RPE. * denotes an age eHeattnotes a task effeck. denotes an
age by task interaction.
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Figure 27. Age by task interaction of RER. Young decline RER was significaetiyer than
old decline RER and old incline RER. Young incline RER was significantly gréateotd
decline RER. * denotes an age effeetdenotes an age by task interaction.
Antagonist Muscle Coactivation Results of Level Walking and Task Dependent Walking

To support the first sub-hypothesis old individuals had greater antagonist muscle
coactivation during level walking at different velocities. Old adults hadfgigntly greater
antagonist muscle coactivation of the BF (F = 19.052, p < 0.001), VL (F=17.536, p <0.001), TA
(F =4.531, p =0.045), LG (F = 17.808, p <0.001), and total antagonist muscle coactivation (F =

31.239, p < 0.001). These age effects are shown in Figures 28 through 32, and also represented

in Table 4.
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Figure 28. Age main effect of biceps femoris antagonist muscle coactivatiog thwel
walking. Old adults had significantly greater BF antagonist muscleicatah than young
adults. * denotes an age main effect.
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Figure 29. Age main effect of vastus lateralis antagonist muscle co@ctidating level
walking. Old adults had a significantly greater VL antagonist muscleicatgh than young
individuals. * denotes an age main effect
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Figure 30. Age main effect of tibialis anterior antagonist muscle coachwairing level
walking. Old adults had a significantly greater TA antagonist muscle cagoti than young
adults. * denotes an age main effect
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Figure 31. Age main effect of lateral gastrocnemeus antagonist muactezaton during level
walking. Old adults had a significantly greater LG antagonist musclei\ataan than young

individuals. * denotes an age main effect
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Figure 32. Age main effect of total antagonist muscle coactivation during laellehgt The
antagonist muscle coactivation of the BF, VL, TA, and LG normalized to their MV&'s w
added together to determine the total coactivation. Old Adults had a sigtyfigaester total
antagonist muscle coactivation than young individuals. * denotes an age main effect

During incline and decline walking old adults had significantly greateganist muscle
coactivation of their BF (F = 50.705, p < 0.001), VL (F = 27.911, p < 0.001), LG (F =8.040, p

=0.010), and total antagonist muscle coactivation (F = 59.103, p < 0.001). These data are shown

in Figures 33, 34, 36, and 37 respectively. There was no significant age effecantag@nist

muscle coactivation. This is shown in Figure 35. Table 5 in the Appendix also shows these

values
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Figure 33. Age main effect of biceps femoris antagonist muscle coactivationg thaline and
decline walking. Old adults had significantly greater BF antagonistia coactivation than
young individuals. * denotes an age main effect
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Figure 34. Age main effect of vastus lateralis antagonist muscle coactidating incline and
decline walking. Old adults had significantly greater VL antagonist lmgsactivation than
young individuals. * denotes an age main effect
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Figure 35. Age main effect of tibialis anterior antagonist muscle coachwairing incline and
decline walking. There was no significant age effect present.
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Figure 36. Age main effect of lateral gastrocnemeus antagonist muactezaton during
incline and decline walking. Old adults had significantly greater LG antdgoongcle
coactivation than young individuals. * denotes an age main effect
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Figure 37. Age main effect of total antagonist muscle coactivation during inalinéegline
walking. The antagonist muscle coactivation of the BF, VL, TA, and LG noredaliztheir
MVC'’s were added together to determine the total coactivation. Old adultssigdfecantly
greater total antagonist muscle coactivation than young individuals. * denotes aaiagdfect

Figure 38 is a summary figure which shows the percent differencedretdaeand
young antagonist muscle coactivation in each testing condition. Old individualscader g
levels of antagonist muscle coactivation in all muscles in each condition. These awd also

shown in Table 7.
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Figure 38. Percent difference between young and old antagonist mus¢ieationc Old had
greater antagonist muscle coactivation of all muscles in all conditions.

The second sub-hypothesis was that there would be a velocity main effect of attagoni
muscle coactivation. The VL had significantly greater antagonist mosatgivation when
subjects walked at a self selected speed (an average of 1.0 m/sec)ecbiopealking at .98
m/sec (F = 6.626 p = 0.050) and walking at 1.2 m/sec (F = 6.626, p < 0.010). This is shown in
Figure 39. Figures 62-65 in the Appendix show the velocity effect of antagonigemus
coactivation of the BF, TA, LG, and total muscle coactivation respectivelgle B also shows
these values. There was no significant relationship between increasinggmalacity leading

to increased antagonist muscle coactivation in these muscles.
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Figure 39. Velocity main effect of vastus lateralis antagonist musobiateon in old and
young adults. Walking at a self selected velocity caused greateivatiaatof the VL than

walking at .98 m/sec and walking at 1.2 m/sacrepresents a velocity main effect.

The third sub-hypothesis was that walking at a decline would cause greside
coactivation than walking at an incline. Walking at a decline elicited gignify greater
antagonist muscle coactivation of the VL (F = 6.336, p = 0.020). This is shown in Figure 41.
During incline walking the BF had greater coactivation (F = 14.697, p = 0.001). Addiitmall
total amount of antagonist muscle coactivation was greater in incline walking.450, p =
0.019). These data are shown in Figures 40 and 42 respectively. The task effegooistnta
muscle coactivation of the TA and LG are shown in Figures 66 and 67 in the Appendix5 Table

also shows the values of antagonist muscle coactivation during incline and dextkimey.
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Figure 40. Task main effect of biceps femoris antagonist muscle coawtiiragoung and old

adults. Incline walking caused significantly greater BF antagonistlenosactivation.a
denotes a significant task main effect.
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Figure 41. Task main effect of vastus lateralis antagonist muscle ctiaativeold and young

adults. Decline walking caused significantly greater VL antagonistlmuasactivation.a
denotes a significant task main effect.
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Figure 42. Velocity main effect of total antagonist muscle coactivation imdlg@ng adults.
Walking at an incline caused significantly greater total antagonist encsattivation.n
denotes a significant task main effect.

Figures 43 and 44 show the significant age by gait velocity interactionsedfec
antagonist muscles. Figure 43 shows that there was an interaction effecvbf téd
individuals had significantly greater VL antagonist muscle coactivationythang at self
selected velocity (F = 7.075, p = 0.050), .98 m/sec (F = 7.075, p < 0.001), and 1.2 m/sec (F =
7.075, p <0.001). Young subjects had significantly greater coactivation of their Vig dein
self selected velocity compared to walking at .98 m/sec (F = 7.075, p < 0.001) andezbtapar
walking at 1.2 m/sec (F = 7.075, p < 0.001). Figure 44 shows that there was also a significant
interaction effect which occurred in the LG while walking. OId individuals hadfgigntly
greater LG antagonist muscle coactivation than the young in the selédeateatition (F =

4.892, p = 0.050) and .98 m/sec (F = 4.892, p <.001). Additionally old subjects had
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significantly greater coactivation walking at .98 m/sec compared to wadkih@ m/sec (F =
4.892, p = 0.050). Figures 68-70 in the Appendix show the coactivation values of the BF, TA,
and total antagonist muscle respectively, which did not exhibit any interadectsef

During incline and decline walking there were no task by age interactemtsef The

antagonist muscle coactivation graphs are shown in Figures 71 through 75 in the Appendix.
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Figure 43. Age by velocity interaction effect of vastus lateralis antsigoniscle coactivation
separated into velocity and age. Old walking at a self selected velocitighdidantly greater

VL coactivation than young individuals walking at self selected veloci®&sm/sec, and 1.2

m/sec. Old walking at .98 m/sec had significantly greater VL coadivétian young walking at

.98 m/sec and 1.2 m/sec. Old walking at 1.2 m/sec had significantly greater Vi\ato@t

than young walking at self selected velocities, .98 m/sec, and 1.2 m/sec. Youngy\aakseIf
selected velocities had significantly greater antagonist muscleataari than young walking

at .98 m/sec and 1.2 m/sec. * denotes a difference between young and old walking a the sam
velocity. o denotes a difference between velocities within either the young or old ggoup.
denotes a difference between a different age group and velocity.
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Figure 44. Age by velocity interaction effect of lateral gastrocnemetiagonist muscle
coactivation separated into velocity and age. Old walking at a velocity of s@g fed
significantly greater LG coactivation than old walking at 1.2 m/sec. Auxbdiliy, old walking at
.98 m/sec had significantly greater LG coactivation than young walki®@ at/sec. Finally old
walking at .98 m/sec had significantly greater VL coactivation than yaatigng at self
selected velocities and 1.2 m/saalenotes a difference between velocities within either the
young or old group# denotes a difference between a different age group and velocity.
Association between Antagonist Muscle Coactivation and Metabolic Cost

The global hypothesis of this study was that the age related increastabolit cost
would be due to increased antagonist muscle coactivation. Figure 45 shows that thid atcurre
the self selected walking speed condition. Old adults tended to have both gregtarisinta
muscle coactivation and greater metabolic cost than young adults. Addytiamalfrelation of

r2 = .2 could be made between metabolic power and antagonist muscle coactivation #atwing

that there was a moderate but significant association between the garighig pattern was
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also evident in walking at .98 m/sec r2 =.36, and walking at 1.2 m/sec r? =.42, and is shown in
Figures 46 and 47 respectively.

Figure 48 shows that during incline walking old adults exhibited greater anajunts
antagonist muscle coactivation; however they did not seem to exhibit grememetabolic
power. Therefore, during incline walking a strong correlation between tataanist muscle
coactivation and gross metabolic power couldn’t be established r2 =.06.

The relationship between gross metabolic power and total antagonist mustikatioa
during decline walking are shown in Figure 49. This relationship is represented?byalrerof

42, showing a high correlation between the two variables.
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Figure 45. The association of average antagonist muscle coactivation ancheaisslic power
in level walking at a self-selected velocity.
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Figure 46. The association between average antagonist muscle cmactwvatgross metabolic
power in level walking at .98 m/sec. Old individuals again seemed to have greagemastt
muscle coactivation and metabolic power. An r2 value of .36 was computed showing that ther
is a pattern between the two variables.
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Figure 47. The association between average antagonist muscle cmarctindtgross metabolic
power in level walking at 1.2 m/sec.
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Figure 48. The association between average antagonist muscle caactavatigross metabolic
power in incline walking at a 6% grade at .98 m/sec. There was not a stroaticorigetween
the levels of antagonist muscle coactivation and gross metabolic power duwsiogrtdition.
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Figure 49. The association between average antagonist muscle caactawvatigross metabolic
power in decline walking at a 6% grade at .98 m/sec. During decline walking olsl selithed
to experience greater antagonist muscle coactivation and greater nogtalar.
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Summary

Statistical analyses have revealed that there are differertee=sebeages with regard to
both metabolic energy cost and antagonist muscle coactivation. The currgrdisplayed that
old individuals used greater amounts of metabolic energy, and greater amountgafianta
muscle coactivation during walking in all conditions tested.

Velocity and task main effects also occurred. Velocity main effeats exadent in
nearly all the metabolic variables tested, and also occurred in VL antagusiste coactivation.
Task main effects occurred for nearly all metabolic variables tested, anocalgred in the BF,
VL, and total antagonist muscle coactivation.

An age by velocity interaction was found in the VL and LG antagonist muscle
coactivation levels. While an age by task interaction existed in the RPE, and RER.

Additionally relationships existed between the levels of antagonist nueadévation
and metabolic cost in level walking at a self selected velocity, levelwgaditi.98 m/sec, level
walking at 1.2 m/sec, and decline walking at a 6% at .98 m/sec. During theseosrald
adults also appeared to have greater antagonist muscle coactivation éerggosa metabolic

power than young individuals, thus supporting our global hypothesis.
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CHAPTER V: DISCUSSION

The purpose of this study was to compare the cost of locomotion and muscle activity in
antagonist muscles in old and young adults during gait. Additionally it was tondegaf there
was a relationship between the metabolic cost of gait and the amount of antagscist
coactivation that people experience. Previous studies have determined that cdidiatslivi
experience higher amounts of both metabolic cost and antagonist muscle coacthatiever
the two variables have not yet been linked.

This chapter is divided into the following sections: 1) Development of the HypmtAgsi
The Effects of Aging on Metabolic Cost 3) Neurological Changes which Elmieased
Antagonist Muscle Coactivation, 4) The Velocity and Task Effect on Antagonistiéusc
Coactivation, 5) Age Related Increased Metabolic Cost is Mediated byasecrdntagonist
Muscle Coactivation, 6) Conclusions
Development of the Hypothesis

Physiological aging causes ample changes in both metabolic and neuromusteitas sy
These alterations result in increases of both cost of transport during locomotionaguhest
muscle coactivation as hypothesized by sub hypothesis one, which stated that old ilsdividua
would experience greater levels of metabolic cost of gait and antagonisé rmoesctivation.
Previous research has always looked at these two variables as sepdiate éfdwever
according to the global hypothesis of this study, metabolic cost of gaithtagbaist muscle
coactivation appear linked and dependent upon each other.
The Effects of Aging on Metabolic Cost

According to the results in this study, older adults experienced gredtdyate cost

than young adults in all walking conditions. This age main effect supports theubrst
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hypothesis of this study and also matches the results of nearly all previarshesgarding
aging to date.

The majority of previous research has linked age related increase bohuwetast to
decreased mitochondrial function. As mitochondria work to provide energy to cellgtioege
some byproducts in addition to ATP and other metabolic compounds. These byproducts are
reactive oxygen species and are most likely created within the electrsparsystem (Sanz,
Stefanastos et al. 2010). Specifically this occurs when reverse eleatrspdrt occurs
(Schofeld and Wojtczak 2007) or electrons leak out of the chain. These mitochondrieéreacti
oxygen species not only cause aging related changes but have also beep kbekedal age-
related diseases such as Parkinson’s, cancer, and diabetes. An increasdreethadieals has
been shown to reduce life expectancy in old individuals (Sanz, Pamplona et al. 2006).

Mitochondrial reactive oxygen species cause mutations to occur withirhoritdacal
DNA (Harman 2003). It is still unclear how exactly they cause theseiongahowever it has
been determined that the reactive oxygen species cause mtDNA to fractureaknapanrt
thereby contributing to their degradation and mutations (Shokolenko, Venediktova et al. 2009).
Overtime, if the mitochondria have undergone mutations they tend to cause dgsfuntiie
electron transport system thereby yielding fewer ATP moleculekg[CHofer et al. 2006).

Since older people have experienced greater levels of mitochondrial reagtyen species they
will have more mutated mitochondria. If their mitochondria are functioning belewadptimal
level old individuals must increase their metabolic cost in order to performtkedlatherwise
would have required less metabolic energy.

Even though the mitochondrial dysfunction theory is related to age mediatedesdreas

metabolic cost it does not necessarily explain why old adults in this parstudy had greater
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metabolic cost. Although older adults do experience mitochondrial dysfunction it oczsttg m
in type Il muscle fibers, while type | muscle fibers actually become rafficient as people age
(Deschenes 2004). Although each muscle is different large motor units andttdstuscle
fibers are not normally activated until at least 60% of max strength (lves 2085hovn in
Table 8 the old individuals in this study were activating their muscles at lavels lower than
60% of their max. Typical values for old normalized muscle strength ranged betweamd 0%
30% of their MVCs. Therefore, the old subjects were clearly utilizing typeskle fibers while
walking which means the mitochondria they were using were highly functional. orftes fa
new conclusion to be made as to why the older individuals experienced greater imetaibol
The increased metabolic cost that the older individuals experienced in tlyisvsisid
most likely caused by higher raw agonist muscle activation, and higher rawrastaguscle
activation in old subjects. Additionally old subjects experienced greater npeshaljonist and
antagonist muscle activation. When individuals activate their muscles at lagéisrthey are
recruiting more motor units, recruiting larger motor units, or increaBmgotor units’ firing
rate (lves 2005). As previously mentioned, the old adults in this experiment werigkelgsot
using type Il muscle fibers, therefore they must have been recruiting mdrematoa units than
the young, or they simply had higher motor unit firing rate than the young. AcgdolLayec
et al., if individuals recruit more or larger motor units they increase thiglatbxe cost (Layec,
Bringard et al. 2009). Therefore when older individuals have higher muscle iaativegy will
in turn have a higher oxidative cost, thereby possibly explaining their greatesfdocomotion

seen in this study.
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Neurological Changes which Elicit Increased Antagonist Muscle Coactivation

Old adults experienced significantly greater antagonist muscle coxtittan young
adults in nearly all muscles in every walking condition examined. This phenomenom®may b
explained by several different possible mechanisms occurring at both thieaspirsaipraspinal
regions.

As people age they experience decreased reciprocal inhibition. Recipragiionhs
controlled at the spinal level through la inhibitory motor neurons. Kido et al. founah thatii
the tibialis anterior and the soleus in older individuals had decreased reciprocébimifido,
Tanaka et al. 2004). When someone has decreased reciprocal inhibition their ioterneur
actually has a higher resting potential. In other words, the interneuron and consdgueator
neuron and muscle fibers that it innervates will require less electrioatyato become
stimulated, it is closer to motor threshold. Therefore, it is easier for olddndigi to cause an
action potential to fire and stimulate an antagonist muscle while the aigdimisig, thus
increasing the likelihood of antagonist muscle coactivation.

Another explanation of increased antagonist muscle coactivation is that old individual
experience cortical changes that reduce the suppression of brain areas tbbactagonist
muscle movement. By reducing suppression of these brain areas antagonist anesola®
likely to fire in old individuals. In fact these muscles are likely to begingigven before
movement is necessary. Hortobagyi and DeVita found that in a downward stepping task, old
individuals not only had greater levels of both agonist and antagonist muscle dotivityey
also had greater antagonist muscle activity before the task even dtanttbagyi and DeVita
2000). The action potentials in antagonist muscles that old people experience prior tageginni

a task most likely come from the brain as a way to prepare the body for \@batisto
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experience. Although the current study didn’t look at the duration and timing of tigemista
muscle contraction it is safe to assume that it was longer in old than youngisabja way to
prepare old individuals for the task at hand.

Another supra-spinal change that old individuals experience involves the reorganizati
of the brain due to age related neurodegredation. As people age, they experiene® iohtheg
dendrites and brain synapse (Levenez, Garland et al. 2008). The reorganization af the bra
causes more areas of the brain to be active in old people than in young people dopig a s
task (Capaday, Devanne et al. 1998). Since more areas of the brain arenadtivedividuals
it is possible that they are unintentionally recruiting areas that are cedsagy for the task at
hand. The cortical connections in older brains could be causing antagonist nuacleste,
when really they only need their agonist muscles to fire. Hutchinson, Kobayashipend
that old individuals used significantly more of their brain than young individualsmpieitasks
such as moving their index finger (Hutchinson, Kobayashi et al. 2002). The increased brain
activity old individuals experienced will result in greater muscle actimadll around, including
antagonist muscle activation.

These neurological and physiological changes that occur as people ayeatible.

Even though they weren’t evaluated in this particular study we can assunteyhatte the
reasons that old subjects experienced greater levels of antagonist mastkeaton than young
subjects.

Velocity and Task Effect on Antagonist Muscle Coactivation

The second and third sub hypotheses were that faster walking velocities wadd ca
greater antagonist muscle coactivation and that decline walking would caaser gnuscle

coactivation than incline walking.
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The only significant velocity main effect that was present in this péatistudy was
found in the vastus lateralis during self selected walking speed. This valugmasasitly
lower than vastus lateralis coactivation when walking at both .98 and 1.2 m/sec. Since the
average self selected walking speed was 1.0 m/sec it was assumed thatstragmohe
coactivation of the .98 m/sec condition would have been nearly the same as theciftsel
speed, and if anything else slightly lower than the self selected ioondithis however was not
the case.

Hortobagyi et al. previously found that as walking velocity increased antagoniseémusc
coactivation also increased (Hortobagyi, Solnik et al. 2009). Although it wasnficagni the
current study found that when walking at 1.2 m/sec subjects experienced Ytedidy, and
total coactivation than when walking at .98 m/sec. One possible reason that theseveadnét
significant could be that neither speed took subject’s out of their comfort zonekafgvaln
other words, the walking tasks could have been too similar or simple to elicit majatye
main effects.

Although the values weren't significant, walking at a self selectec¢glelicited the
greater amounts of antagonist muscle coactivation in the VL, TA, and total muschothahe
.98 m/sec and 1.2 m/sec conditions. Most previous research has shown that while walking at
self selected velocity the body naturally picks a pace that elicitedsedmount of work (Jones,
Waters et al. 2009). In other words the body chooses the path of least resistaneeasTiot
the case in the present study.

One possible explanation for this phenomenon has to do with testing protocol. The first
walking condition that subjects always participated in was walking at-aedelfted speed.

Besides the resting measurement, this was the only condition which was not rtioRerson
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once showed that antagonist muscle coactivation is higher in tasks that andianfa people,
then decreases as individuals become more familiar with the task theyfarspey their
antagonist muscle coactivation decreases (Person and Roshchina 1958). lpissgibte that
when the subject’s first started to walk on the treadmill they weraréhgnough time to
acclimate to it and were still in the learning phase of treadmill walkinggltine self selected
condition.

The third sub-hypothesis was that there would be a condition effect in which walking a
decline would cause greater antagonist muscle coactivation than walkmmelirre. This was
assumed because one of the purposes of antagonist muscle coactivation is to providensupport a
stabilization to joints (Hortobagyi and DeVita 2000). Additionally duringidealalking the
downward lowering motion that occurs requires greater stabilization in ordesrtwte joint
longevity and health (Granata, Lee et al. 2005).

The results of this study showed that decline walking caused significaediieg VL
coactivation than incline walking. It also showed that walking at an inclimalacproduced
greater antagonist muscle coactivation than walking at a decline in the Birtatal antagonist
muscle coactivation. This may have occurred for several different reasons. ctantists have
looked at individuals with previous knee injuries and determined that during inclined tteadm
walking their hamstring muscles activate significantly earliers $peculated that this is a
method to increase knee stability during walking (Kalund, Sinkjaer et al. 19@Bjec®& within
this study, specifically those who had never walked on a treadmill before could leave be
activating their BF more in order to increase their stability in this ngkv ta

Another possible reason for this refuted sub-hypothesis could have been that the subjects

were walking on the treadmill itself. Walking on the treadmill could haeéeddi different
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muscle pattern than what would have otherwise been seen in overground walking. Lee and
Hidler found that when walking on a treadmill adults experienced greateteracsivation of

the hamstring during the swing phase of gait. This could also explain why suigdagreater

BF coactivation during incline walking (Lee and Hidler 2008).

A final reason for increased total coactivation during the incline condition coulddave
do with the intensity level at which the subjects were walking. As shown in Figuret@dcts
were working at a significantly higher workload during the incline conditionceShe intensity
was greater during the incline condition it could have forced subjects to have greatpnist
muscle coactivation compared to walking at a decline when the workload wakaighjfless.
Previous research has shown that greater levels of coactivation exist wotionsrthat are
more intense (Caty, Aujouannet et al. 2007). Additionally research has shown thatidsatsli
fatigue antagonist muscle coactivation also increases (Psek and Ca8®28)l Since the
subjects within the present study were working at a higher intensity dbdngcline condition
they are more likely to demonstrate fatigue in this condition, thereby, leadimgtantreased
antagonist muscle coactivation.

Age Related Increased Metabolic Cost is Mediated by Increased Antagonist Muscle

Coactivation

As previously mentioned there was a significant age effect in both metabstiand
antagonist muscle coactivation. Old individuals experienced greater |levthajross
metabolic power and antagonist muscle coactivation. Regression lines veste ladlplaced in
Figures 45 through 49. It appears as though in all conditions except the incline cohdrgois t

a relationship between the two variables.
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The aging process causes inevitable alterations in the body’s neurologysad)qaical,
and anatomical systems. One set of changes already discussed invobasethtevels of
antagonist muscle activity. As individuals age they experiencetaltesan their cortical and
sub cortical nervous system. These changes include decreased reciprod¢anntexreased
cortical inhibition, a reconfiguration of the brain, and increased brain activitythede
variables lead to age related increases in antagonist muscle coactivatigwillimerease the
likelihood of the antagonist muscle firing.

When antagonist muscles fire they elicit opposing force against the tagosidles. This
opposing force causes the agonist muscles to have to contract stronger in ordecin®tes
power being produced by the antagonist. Therefore, not only is extra effort put inta ritneeki
antagonist muscle contract, but extra exertion is also used to make the agoo@hevée
antagonist muscle. All this extra effort costs the body metabolicallyenWjreater levels of
muscle mass are recruited for movement greater amounts of metabaly @meeneeded fuel the
bodies ATP demands (Truijens, Noordermeer et al. 2005).

This age related demand in metabolic energy explains why old individualsntiynsse
more energy to complete everyday tasks and activities of daily living (ADLd individuals
execute tasks at a greater level relative to their maximum amounof(efértobagyi, Mizelle
et al. 2003). This is caused by their inefficient movements using relatingglyfevels of
antagonist muscle coactivation.

This pattern was evident in walking at a self selected speed, walking at €28 m/s
walking at 1.2 m/sec, and walking at a decline. It was not very apparent inlthe walking

condition. As shown in Figure 48, old adults still experienced greater levels gbaista
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muscle coactivation; however they didn’t experience an increase in metabodic gfdive same
magnitude.

The old subjects used for this study were incredibly healthy and highly mtitreir
age. Ten out of the twelve older subjects exercised for at least an hour everftdagimés the
old subjects were more active then the young subjects that were tested. Fiviheuivefve
young subject’s tested exercised at least an hour a day. If normaltieesold subjects or
more active young subjects were used, more drastic results would have been sestrpagdra
correlation between antagonist muscle coactivation and gross metabolic pmwdihave been
evident. Training status also influences the level of antagonist musctevatac present in
individuals. Both old and young subjects who were involved in exercise programs exgkrience
lower amounts of antagonist muscle coactivation after several weekmofgrdaRoche, Roy
et al. 2008).

The findings of the present study are incredibly important for the medical arskfitne
worlds. Now that we've shown that the age related increase in antagonist noastieation
causes or at least adds to the increased metabolic cost old people experisic@nphy
researchers, and other health professionals can prescribe exerciseseanddiitines that will
reduce antagonist muscle coactivation. This will in turn reduce metabolic eteargynds and
allow old individuals to complete ADLs at energy levels lower to their maxicapacity. Old
adults may be able to increase their overall level of function.

Conclusions

Age was found to affect antagonist muscle coactivation levels in all muselested in

both different tasks and at different velocities during gait. Additionallyaffigeted the amount

of metabolic energy used in all tasks and velocities during gait. Old adultseexee
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significantly greater amounts of antagonist muscle coactivation and rhetdsi than young
adults. After using a regression analysis it was observed that the twoesadrke related. The
age related increases in antagonist muscle coactivation seem to comtribet@ge related
increases in metabolic cost. This suggests that the neural changestedsoith aging and
changes in muscle control ultimately effect old individuals’ energydened general ability to

function at the highest level possible.
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Table 1. Subject characteristics

APPENDIX-A

Characteristic Young Old

Mean SE Mean SE
Age (years) *20.9 + 0.7 * 773  + 1.4
Height (cm) 175.0 + 25 169.9 + 25
Mass (kg) 68.4 + 2.0 704 £ 135
BMI 223 % 0.4 24.3 + 1.0
Self Selected Walking Speed (m/sec) 10 + 0.1 l.a 0.1
Resting HR (beats/min) 841 4.2 80.3 % 3.3
Resting VO2 (ml/min) 3025 + 218 2959 + 215
Resting VO2 (ml/min/kg) 44 + 0.9 41 = 0.6

Values represented as mean * standard error.
* represents an age effect between young and old subjects

65



Table 2. Metabolic variables for level walking conditions

Metabolic Variable Age Velocity Age
Self Selected .98 m/sec 1.2 m/sec
Mean SE Mean SE Mean SE
*
RPE Young 78 £ 05 81 + 06 90 + 06 8.3 0.5
*
Old 109 = 0.5 98 = 0.6 11.8 £ 0.6 109 = 0.5
Velocity 94 + 03 90 + 04 B104 + 04
*
HR (b/min) Young 90.0 = 45 80.6 = 4.1 947 + 4.6 918 4.3
*
Old 107.8 = 4.5 105.8 + 4.1 1141 4.6 109.2 4.3
Velocity 989 = 3.2 932 = 29 B104.4 & 3.3
*0.87
RER Young 0.86 =+ 0.02 0.88 + 0.02 0.86 + 0.01 . + 0.01
*
Old 0.83 £ 0.02 0.81 + 0.02 0.83 + 0.01 082 + 0.01
Velocity 084 + 0.01 084 = 0.01 085 + 0.01
VO2 (miimin) Young 8473 + 53.2 8255 £ 509 9466 + 635 873+ 521
Old 1039.3 + 532 9604 * 509 1084.7 = 635 801 + 521
Velocity 8433 + 37.7 8779 + 36.0 B10156 + 449
*
VO2 (mi/min/kg) Young 123 = 06 120 = 04 138 + 04 127 + 04
*
Old 146 + 0.6 129 + 0.4 150 0.4 142 + 0.4
Velocity B135 + 04 Q125 + 03 Q144 + 03
*
Gross Metabolic Power Young 42 + 02 41 + 01 47 £ 02 43 £ 01
*
(Wkg) Old 50 +# 0.2 45 = 0.1 52 + 0.2 49 + 0.1
Velocity 46 =+ 02 43 + 0.1 B50 + o1
*
Gross Metabolic Energy Young 43 = 02 42 + 02 39 + 02 42 £ 01
Cost per distance *
(Wikg/m) Old 49 =+ 0.2 46 = 0.2 43 + 0.2 46 + 0.1
Condition 46 + 01 44 + 01 Q41 + o1

Variables are expressed as mean + standard error.
* represents an age effect between young and old subjects

[ represents a velocity effect
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Table 3. Metabolic variables for task dependent walking conditions

Metabolic Variable Age Task Age
Incline 6% Decline 6%
Mean SE Mean SE Mean SE
*
RPE Young 95 + 0.6 87 + 06 91 + 05
old 4128 + 06 4102 + 06 *115 &+ o5
Condition Q112 + o5 bo4 + 04
*
Young 1037 £+ 46 852 + 43 945 + 43
HR (b/min *
( ) old 1194 + 46 996 + 43 1095 + 43
Condition Q1116 + 33 Q924 + 31
*
RER Young 088 + 0.2 4091 + 002 089 + 002
*
old 0.86 * 0.02 €083 + 0.2 084 + 0.02
Condition 087 + 001 087 + 001
_ Young 11594 + 551 637.0 + 60.1 898.0 + 54.0
V02 (ml/min) old 12336 + 551 8096 + 60.1 10216 + 540
Condition B11965 + 39.0 B7233 + 425
*
VO2 (ml/min/kg) Young 169 = 0.4 93 = 0.5 131 + 0.3
*
old 172 + 04 111 £+ 05 142 + 03
Condition B171 &+ 03 gi102 + 04
* 4.47
Gross Metabolic Power (W/kg) Young 57 £ 01 32 £ 02 4+ 013
*
old 60 + 0.1 38 £+ 02 492 + 013
Condition b59 + o1 Q35 + 01
* 456
Gross Metabolic Energy Cost  Young 59 + 01 33 + 02 : + 014
i *
per distance (W/kg/m) old 61 + 01 39 £+ 02 502 + 014
Condition 60 :+ 01 Q36 + o1

Variables are expressed as mean + standard error.
* represents an age effect between young and old subjects

[ represents a condition effect
& represents an age by condition interaction
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Table 4. Average antagonist muscle coactivation during level walking comgliti

Muscle Age Gait Velocity (m/sec) Age
Self Selected 0.98 m/sec 1.2 m/sec
Mean SE Mean SE Mean SE Mean SE
BF Young 51 = 25 75 = 30 53 = 30 *6-0 + 26
old 217 = 25 218 = 3.0 221 = 30 *21-8 + 26
Velocity 134 =+ 18 147 =+ 21 137 = 21
VL Young #4110 + 19 42 + 17 48 + 1.7 *67 + 15
old #156 + 19 #149 + 17 #4168 + 17 *157 &+ 15
Velocity b133 :+ 13 96 + 12 108 =+ 1.2
TA Young 51 + 038 49 =+ 07 56 = 038 *5-1 + 07
Old 80 =+ 038 67 =+ 07 70 = 038 *7-2 + 07
Velocity 65 = 06 60 = 05 62 = 06
LG Young 39 + 08 42 = 08 66 =+ 19 *4-9 + 1.0
old 91 =+ 038 149 + 17 84 + 19 *10-8 + 1.0
Velocity 65 *= 06 96 = 1.2 75 = 13
Total Young 252 + 39 208 + 49 221 + 48 227 : 39
(0][s) 543 = 3.9 529 = 49 543 + 48 *53-8 + 39
Velocity 39.7 = 28 369 =+ 34 382 + 34

The average antagonist muscle coactivation is represented by % of thesimagienal
voluntary contraction. It is represented by mean * standard error

* represents an age effect between young and old subjects

[ represents a velocity effect
& represents an age by condition interaction
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Table 5. Average antagonist muscle coactivation based upon type of task

Muscle Age Task Age
Incline 6% Decline 6%
Mean SE Mean SE Mean SE
*
Young 64 + 15 41 = 17 52 + 14
BF *
Oold 225 + 15 161 = 17 193 + 14
Condition Q145 + 11 0101 + 12
VL *
Young 41 + 15 51 = 1.4 46 + 14
*
Oold 146 * 15 154 = 14 150 + 14
Condition 093 + 10 0103 + 10
TA  Young 54 + 07 51 + 08 52 + 07
Oold 61 = 07 75 = 08 68 * 07
Condition 57 % 0.5 6.3 =+ 0.6
LG *
Young 4.7 + 0.9 4.1 + 0.8 44 + 0.8
*
Oold 77 = 0.9 78 = 08 78 + 08
Condition 6.2 + 0.6 6.0 =+ 0.6
Total *
Young 20.6 % 2.6 18.3 + 3.1 194 + 2.7
*
Old 509 =+ 2.6 469 = 3.1 489 + 2.7
Condition B357 + 19 0326 + 22

The average antagonist muscle coactivation is represented by % of thesimagienal
voluntary contraction. It is represented by mean * standard error

* represents an age effect between young and old subjects
[ represents a condition effect
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Table 6. Percent difference between young and old metabolic variables

Metabolic Variable Condition
Self Selected 0.98 m/sec 1.2 m/sec Incline Decline

RPE 28.4 17.3 23.7 25.7 14.8
HR (b/min) 16.5 23.8 17.0 13.1 14.5
VO2 (ml/min) 18.5 14.0 12.7 6.0 21.3
VO2 (ml/min/kg) 15.8 7.0 8.0 1.9 16.6
Gross Metabolic Power (W/kg) 16.0 8.9 9.6 4.2 17.0
Gross Metabolic Energy Cost per 12.2 8.7 9.3 4.2 17.0

distance (W/kg/m)
Old individuals had higher values of all the variables represented in this tableallias here
are the percent differences between young and old.

Table 7. Percent difference between young and old coactivation values

Muscle Condition

Self Selected 0.98 m/sec 1.2 m/sec Incline Decline
BF 76.3 65.6 76.0 71.6 74.5
VL 29.5 71.8 71.4 71.9 66.9
TA 36.0 26.6 20.0 11.5 32.0
LG 57.1 71.8 21.4 39.0 47.4

Total Antagonist Muscle
Coactivation 53.6 60.7 59.3 59.5 61.0

Old individuals had greater coactivation values in all muscles in all conditions. [Tles va
represent the difference between old and young coactivation expresseel e,
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Table 8. Normalized agonist EMG values Expressed as % MVC.

Muscle Age Condition
Self Selected 0.98 m/sec 1.2 m/sec Incline ibecl
BF Young 5.4 8.1 9.5 8.2 10.2
Old 29.0 26.1 28.3 27.3 225
VL Young 8.0 5.0 16.8 5.4 7.9
Old 22.9 17.5 5.4 20.2 20.0
TA Young 12.4 10.9 11.5 11.6 10.4
Old 18.2 18.0 20.8 18.7 17.2
LG Young 111 13.2 14.8 20.6 8.7
Old 25.3 29.7 29.5 31.3 17.9

Old individuals experienced greater normalized agonist EMG activityyinamg individuals.

Table 9. Raw agonist EMG values

Muscle Age Condition
Self Selected 0.98 m/sec 1.2 m/sec Incline Decline
BF Young 0.028 0.029 0.033 0.028 0.036
Old 0.034 0.031 0.034 0.032 0.026
VL Young 0.020 0.019 0.022 0.019 0.026
Old 0.041 0.032 0.025 0.040 0.036
TA Young 0.073 0.069 0.074 0.077 0.066
Old 0.082 0.080 0.092 0.084 0.075
LG Young 0.027 0.030 0.035 0.051 0.020
Old 0.041 0.048 0.048 0.050 0.029

Mean raw EMG activity for young and old subjects. Old individuals had greasts lefv
activation in all conditions and muscles except for incline LG and decline BF.
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Table 10. Raw antagonist EMG values

Muscle Age Condition
Self Selected 0.98 m/sec 1.2 m/sec Incline ibecl
BF Young 0.018 0.025 0.018 0.020 0.014
Old 0.026 0.026 0.027 0.030 0.019
VL Young 0.014 0.014 0.019 0.015 0.018
Old 0.029 0.028 0.031 0.028 0.029
TA Young 0.029 0.029 0.032 0.032 0.033
Old 0.036 0.031 0.031 0.029 0.034
LG Young 0.009 0.009 0.014 0.011 0.009
Old 0.014 0.015 0.013 0.012 0.012

Mean raw EMG activity for young and old adults. Old individuals had greater lefvels
activation in all conditions other than 1.2 m/sec TA and LG.

72



140

120

100

80

60

Heart Rate (beats /min)

40

20

Young

old

——

ESelf Selected
- M0.98 mfec
01.2 mfsec
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Figure 56. Age and velocity interaction of gross metabolic energy costspenai. There were
no significant interactions.
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Figure 62. Velocity main effect of biceps femoris antagonist muscleicatan in old and
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There was no velocity effect.
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Figure 68. Age by velocity interaction effect of biceps femoris antagonstlencoactivation.
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There was no significant interaction effect.
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Figure 70. Age by velocity interaction effect of total antagonist muscleicaten. There was
no significant interaction effect.
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Figure 71. Age by task interaction effect of biceps femoris antagonisteracsdtivation.
There was no significant interaction effect.
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Figure 73. Age by task interaction effect of tibialis anterior antagonistlenagactivation .

There was no significant interaction effect.
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