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Definition of Terms 

Action potential 

Contraction time (CT) 

Electromyogram 

Electromyography (EMG) 

F-rcspmue 

Brief, regenerative, “all-or-nothing” electrical potential 
that propagates along an axon or muscle fiber. 

Time from onset of muscle force to peak twitch 
tensior,. 

Muscle electrical recording detected by external 
electrodes. 

Study and use of the EMG signal that originates in the 
membrame of muscle fibers as they contract. 

Recxreilt p tentkl  prcduced by re-excit+,zt;,on of the 
motor neuron cell body or initial segment following 
activation of the motor axon in the periphery. 

M-potential Surface-detected compound muscle action potential. 

Motor unit (MU) A single motor neuron, its motor axon and the muscle 
fibers it innervates. 

One-half relaxation time (Y2RT) Recovery time from peak muscle twitch force to a 
value one-half of the peak. 

MUAP Motor Unit Action Potential: The action potential 
produced by a single motor unit, voluntary or 
electrically evoked. 

S-MUAP Surface-detected motor unit action potential. 

Twitch contraction A brief muscular contraction produced by a single 
motor unit action potential. 
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Summary 

Changes in cardiovascular and muscular performance with advancing age can affect 
functional capacity. The growing group of elderly may be at risk for being functionally 
limited due to decline in muscle mass and the associated loss in muscle strength with 
advancing age. Causes of muscle atrophy, declining strength, and physical frailty with 
advancing age are not completely known. The Baltimore Longitudinal Study on Aging is is 
developing several research protocols which focus on the general area of frailty and muscle 
independence which are in part characterized by losses of motor units (MUS). Relationships 
between physiological factors and age associated loss of muscle strength will be investigated. 

Studies have shown that the MU number of upper and lower limb muscles and thenar 
muscles of the elderly was reduced in comparison to the younger age groups. The 
electrophysiological and contractile properties of human MUS will be studied within this 
research area. Moreover, the relationship between these properties will be investigated by 
measuring both EMG signals and force signals synchronously. 

Equipment is available to measure the neuromuscular signals. The EMG signals are measured 
using the Advantage EMG system, the force signals from the upper and lower limb muscles 
are measured using the KinCom system, and the force signals from the thenar muscles are 
measured using the Thumb Finger Measurement system developed by Olmer [20]. However, 
all systems use their own proprietary software to collect and process data and no 
synchronisation of measurements is possible yet. 

A device has been developed that is able to collect, process and analyse the neuromuscular 
signals separate computer with a sophisticated data- 
acquisition board to which the different measurement systems are connected. To control this 
device a data-acquisition program in ‘Labview’ has been written by De Hart [li]. The 
complete system is called the Synchronous Signal Detection System (SSDS), but is still in an 
early stage of development. 

synchronously. It consists of a 

The system is able to record and process different neuromuscular signals synchronously. 
Some basic studies for obtaining knowlegde and understanding about age-related changes in 
neuromuscular performance can be done. However, more research is needed to get a more 
thorough understanding of the relationship between the age-related parameters. 
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1. Introduction 

Everybody ages. We all wish to get older and stay physically independent. However, the 
aging process is often accompanied with disabilities and diseases. By expanding our 
knowledge of the human aging process, we ultimately acquire the knowledge needed to 
enhance the quality of life in our later years. 

Research on the aging process is important to develop interventions to restore or to maintain 
body functions and to develop new knowledge to prevent or treat age-associated diseases and 
disabilities. The Baltimore Longitudinal Study on Aging (BLSA) seeks a better understanding 
of how and why we age. The study follows a group of men and women between 20 and 100 
years of age who return to Baltimore every two years for an intensive health evaluation. Each 
assessment will add detail and focus to the BLSA’s slowly growing picture of how we age. 

The BLSA encompasses over 50 ongoing research projects, including studies that investigate 
changes in sensory and perceptual functions, oral physiology, pulmonary function, response 
speed, strength and physical functioning, and analysis of risk factors indicating morbidity and 
mortality. The BLSA aims are to measure the usual or universal changes that occur as people 
age and to learn how these changes relate to the fundamental causes of aging and to the 
diseases that sometimes accompany aging. One of the BLSA’s objectives is to relate aging 
processes to one another. 

Aging in humans is associated with a decline in neuromuscular performance. Characteristic of 
this decline is an age related reduction in skeletal muscle mass, leading to decreased voluntary 
and electrically evoked contractile strength. It is suggested that age-associated reductions in 
muscle mass may be a consequence of losses of alpha motor neurons in the spinal cord and 
secondary denervation of their muscle fibers. 

The Motor Unit (MU) is the basic functional component of the mammalian motor system. It 
is comprised of an alpha motor neuron with its cell body in the ventral horn of the spinal cord, 
a single motor axon and muscle fibers innervated by that axon. 

Using an electrophysiological technique, it was shown that the number of MU’s in the thenar 
muscles of subjects between 60 and 80 years of age were reduced compared to subjects 
between 20 and 40 years of age (Doherty et al, 1993 [SI). Additionally, along with reduced 
MU numbers, studies have reported significant reductions in the electrically evoked and 
voluntary contractile force in the muscles of older subjects (Doherty et al, 1994 [9]). In 
general, electrophysiological studies have slrlo-wi age-associated redüetions in the maximüm 
compound muscle action potential size coupled with increases in the mean motor unit action 
potential (MUAP) size. These findings suggested that there are, on average, fewer yet larger 
MU’s in the muscles of the elderly. 
Further study is required to provide a more thorough understanding of the underlying changes 
and the adaptive capabilities of MU’s in older adults. Additionally, it would be of 
considerable interest to related the contractile properties of the MU’s to the electrophysiologic 
characteristics of the MU’s and the whole muscle. 

I 
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The BLSA investigators would like to study the contractile and electrophysiological 
properties of both human thenar MU’s and of human upper and lower limb muscles in a 
representative sample of healthy subjects of different age groups to provide a better 
understanding of the effects of the normal aging process on the neuromuscular system. 

Although devices are available to examine the contractile properties of human thenar Mu’s 
and human upper and lower limb muscles (e.g. biceps brachii, brachialis, rectus femoris, 
semitendinosus and thenar muscles) and electrophysiological characteristics of the Mu’s, a 
device for synchronized examincltion of these phenomena ir, order to stiidy the relztion 
between these age-related variables is still in a early stage of development. Further 
development of this device is necessary before experiments can be performed. 

For this development the basic information on electromyography, electrophysiological and 
contractile properties is necessary (Chapter 3). 

The measurements devices that are already being used for neuromuscular studies are the 
-KIlNCGAM System tv measme body forces, the Admntage EMG System to measme the 
electrophysiological properties of MU’s. The Thumb Force Measurement System (TFM) to 
measure thenar muscle forces is needed for planned thenar force studies. What is needed is 
the development of the device for synchronized detection and examination of neuromuscular 
signals from each piece of equipment (Chapter 4). 

After the development of this device for both KINCOM & EMG measurements and TFM & 
EMG measurements some experiments have been done (Chapter 5).  The experiments with the 
synchronized data detection system showed good results but further development is 
necessary. Because of the limited time, more experiments were not done. General 
conclusions and recommendations are finally represented in Chapter 6. 
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2 . Longitudinal Studies 

2.1 Introduction 

All body movements are produced by contractions of skeletal muscles. Consequently, 
impairments in the functional properties of skeletal muscles result in some degree of 
immobility. A loss of mobility inhibits participation in physical activities, as well as 
successful performance of the necessary activities of daily living. Clarification of the 
mechanics responsible for the neuromuscular changes would enhance our understanding of 
the degree to which they are preventable or treatable. 

A consequence of skeletal muscle atrophy with aging is the reduction in muscle strength. 
Muscle strength appears to be relatively well maintained up to 50 years of age. Muscle 
atrophy, declining strength, and physical frailty are generally accepted as concomitants of 
aging, however, the causes are not completely known. Ynysicai frailty describes the 
summation of the effects of muscle atrophy, decline in muscle strength and power, fatigue 
and injury in the elderly. The degree to which these changes are preventable and treatable is 
not clear. 

Several research protocols are being developed to focus on the general area of frailty and 
physical independence at the Gerontology Research Center (GRC) of the National Institute 
on Aging (NIA) in Baltimore. The protocols will be implemented into the Baltimore 
Longitudinal Study on Aging (BLSA). 

2.2 The Baltimore Longitudinal Study on Aging 

The BLSA has the opportunity to investigate the role of biological factors and the natural 
history of development of age-associated changes in functional abilities that contribute to 
frailty in a group of volunteers 

The purpose of the BLSA is to trace the effects of aging in normal human beings. Each 
volunteer visits the Gerontology Research Center (GRC) every two years, contributing data 
relating to physiology, biochemistry, psychology, nutrition, sociology, body composition and 
health status. This research design, using repeated assessments of the same individuals, is the 
only one permitting examination of age changes within individuals. During each visit the 
volunteer participates in tests invoiving a medicai summary, cardiovascuiar structure and 
function, genetic studies, hearing and vision, exercise and neuromuscular function, blood 
studies, bone density and more. 

Within the “exercise and neuromuscular function” test a study has been designed to examine 
the role of the peripheral nerve on age-associated loss of muscle strength and the contribution 
of strength loss to physical independence and other health factors. The specific goal of the 
BLSA study is to explore gender and racial effects on age differences in neural control of 



muscle function, and to explore whether potential differences in neuromuscular function are 
associated with differences in physical activity or functional capability. 

2.3 Study Protocol 

At the neuromuscular level, the loss of muscle strength, muscle mass and muscle efficiency 
may be associated with age-related changes in the muscle or in the nervous innervation of the 
muscle. Early studies found that age differences occur in the distribution of fiber type, muscle 
metabolism and in messenger function (primarily calcium regulation) with decreases in force 
generation, slower contractions and increased fatigability (Booth et al, 1994 [2]; Dyck, 1994 
[12]; Fielding, 1994 [14]). However lower extremity muscles tend to show much greater loss 
of strength than in the upper extremities with increasing age implying that the factors causing 
these changes are not constant throughout the body. Also exercise appears to reverse or 
prevent some of the changes that can be observed in the elderly. In addition, decreases in 
muscle mass, strength and power may be related to decreased activity levels throughout the 
life time. Even trained world class athletes show similar trends and time courses of decline in 
structural and functional properties (Brooks et al., 1994 [3]; Brown, 1994 [6]; Fielding, 1994 

Within the BLSA study “Racial and Gender Effects on Age-Associated Changes in the 
Neuromuscular System” (see Appendix 8.2 for complete study protocol) the relationships 
between physiological factors and age-associated loss of muscle strength by age, gender and 
race will be investigated by motor nerve and muscle contraction measurements. Areas in 
which the BLSA is particularly interested include: 

[141). 

A) The relationship between upper and/or lower limb muscle contractions and their 
electrophysiological properties with aging. 

B) The relationship between agonist vs. antagonist muscle contractions and their 
electrophysiological properties in upper and lower extremities with aging. 

C) The relationship between thenar contraction properties and their electrophysiological 
properties with aging. 

For each of these three areas a study protocol has been made and are discussed in the 
following section: 

A) Upper and Lower Extremities Contraction Properties vs. Electro- 
physiological Properties with Aging. 

There is a particular interest in the upper and lower extremities contraction properties vs. their 
electrophysiological properties with aging. As stated before there is a dramatic change in the 
neuromuscular system after the age of 50. Upper and lower limb muscles are pre-eminently 
muscles to detect these changes because their decline with aging is much greater than the age- 
associated decline of other muscles, like abdominal and dorsal muscles. Longitudinal studies 
have been and are still performed to relate the contraction properties to the 
electrophysiological properties. In these studies voluntary contractions of muscle groups are 
measured and detected using a strength measurement system, the KTNCOM System (section 
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4.3.1). Also the electrophysiological properties of these muscle groups are measured and 
detected using an EMG detecting system, the Advantage EMG System (section 4.3.2). To 
obtain a better understanding in the relationship between the contractile and physiological 
properties with aging an integrated system with synchronized data acquisition is necessary. 

B) Agonist vs. Antagonist Contraction Properties and Electrophysiological 
Properties with Aging. 

A new area of interest concerning age-associated decline of muscle control and strength is the 
relationship of agonist vs. antagonist muscle contraction properties and the 
electrophysiological properties. Muscle coactivation, the low-level activity of the antagonist 
muscle during the activity of the agonist muscle has been studied by Solomonow and 
D’hbriosa,  1991 [22]. Most of the purposes of muscular coactivation, regulation of joint 
motion and control of joint stability, are well known, but the respective mechanisms that 
control motor unit recruitment in each muscle are still unknown. A deeper understanding of 
the control strategies when muscles work as agonist/antagonist unit could provide very useful 
applications in the fields of exercise physiology, physical therapy and physiatrics. 

Studies can be performed to measure and detect contractile properties of for example the 
rectus femoris (quadriceps) vs. the semitendinosus (hamstring) during an isometric 
contraction in relation to their electrophysiological properties using the KINCQM and 
Advantage EMG Systems. However, a system for synchronized data acquisition of muscle 
coactivation and their electrophysiological is necessary. 

C) Thenar Contraction Properties vs. Electrophysiological Properties 
with Aging. 

Doherty et al., 1993 [SI examined the decline of contractile and physiological properties of 
thenar muscles with aging using the Multiple Point Stimulation method . This new method is 
described in section 3.1.5 and it uses electrodes to stimulate thenar MIJ’S for studying the 
electrophysiological properties and estimating the numbers of thenar MU’s and characterizes 
the extent to which thenar Mu’s are lost with aging. With this method different MU’s can be 
stimulated and the single MU potential can be collected for each MU. 

Together with the stimulation of the Mu’s the abduction and/or flexion force produced by the 
different thenar Mu’s are measured using a thenar force measurement system developed by 
Ellen Qlmer [20] (see section 4.3.3). With this system the amplitude and direction of the 
resultant force vector, consisting of abduction and flexion forces of thenar muscles can be 
determined. Hû’v’v’eveï, i10 data-accpisitiun system is zvdabk fûï the detection of thenar 
muscle forces and an integrated system with synchronized data collection of the thenar force 
and EMG signals is required. 
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2.4 Study Integration 

Each of these study protocols require an integrated data-acquisition system with synchronized 
data collection of age-associated characteristics. For each single characteristic measurement 
devices are already available. However, the studies mentioned in section 2.3 all need a system 
that is able to integrate acquisition of both contractile and electrophysiological types of 
signals. Several people worked on creating such a device but some basic artifacts have to be 
eliminated before the system can operate accurately. 
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3. Scientific Background 

3.1 Basic of Electromyography 

3.1.1 Introduction 

To be able to understand the age-associated decline of MU’s some basic information on 
electromyography is required. This chapter will describe the basis of electromyography and 
electrophysiological and contractile properties of MU’s. 

3.1.2 The Human Motor Unit 

The structural unit of contraction is the muscle fiber (MF). In normal skeletal muscles, the 
PAF’S r,ever cmtrzct 25 individua!~. Instead s m d  g r û q s  ~f them contïact at the same 
moment. These groups of MF’s 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 motor neuron with 
its cell body, its single motor axon and all the MF’s innervated by the branches of that axon, 
together constitute a Motor Unit figure I). MU’s are the motor ‘output’ of the nervous 
system and are responsible for movements. The number of MF’s in one MU varies widely 
depending on the movement to be controlled and also on age as will be explained later. 

Spinal cord 

Cell body 
Nerve  fibre of neurone 
(oxone) 

f i g w e  1. Scheme of a Motor Unit. 

Under normal conditions an impulse, action potential, propagating down a motor neuron, 
reaches the MU end plate and activates all the branches of the motor neuron; these activate all 
the MF’s of one Mu almost simultaneously. A wave of contraction spreads over the fiber 
resulting in a brief twitch contraction followed by rapid and complete relaxation. The duration 
of the twitch contraction and relaxation varies from a few ms to as much as 0.2 s depending 
on the type of fiber involved (fast or slow). MU’s normally contract upon the arrival of such 
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nervous impulses at various frequencies usually below 50 Hz, the upper physiological limit. 
When the postsynaptic membrane of a MF is depolarized, the depolarization propagates in 
both directions along the fiber. The membrane depolarization, accompanied by a movement 
of ions, generates an electromagnetic field in the vicinity of the MF’s. A recording electrode 
will detect the potential or voltage with respect to ground, whose time excursion is known as 
action potential. 

3.1.3 Motor Unit Characteristics 

A MU will contract when the stimulus current is above its threshold and a MU potential will 
be detected. The threshold is normally between -55 and -60 mV in mammalian muscles 
(Brown, 1994 [SI). So the threshold is the stimulus intensity at which the motor axor, 
generates an ííall-or-nothing” action potential in response to the stimulus. 

Studies have shown that the normal upper limit of activation of MU’s is about 150 times per 
second (Marsden, 1990 [OOI). These studies have also shown that this firing rate of MU’s 
increases with stronger contractions. Under normal conditions a slight voluntary contraction 
will activate the smaller MU’s first (smaller potentials) and an increasing force subsequently 
will recruit larger MU’s (Dorfman et al., 1988 [lo]; Jones et al., 1989 [17]; Thomas et al., 
1987 [22]). 

The force that MU’S can generate varies widely. This is probably because of the larger 
numbers of the muscle fibers in the higher tension MU’s. The number of contractile elements 
is approximately related to the Sross-sectional area of the muscle fiber. Also the type of 
muscle fiber is important because the force generated per unit cross-sectional area is higher in 
fast compared to slow muscle fibers. Both the number of active MU’s and the firing rate of 
the MU’s correspond to the force produced by the muscle. With increasing force, the firing 
rate increases and also increasingly larger MU’s are recruited. Also the amplitude of the 
surface electromyographic signal and the number of action potentials will increase (Brown et 
al., 1988 [5]; Dorfman et al., 1988 [lo]; McGill et al., 1985 [19]). The contractile force is 
highly correlated to Mu action potential shape, behavior properties and correlated to effects 
of age, gender differences and intermuscular variability (Dorfman et al., 1988 [ 1 O]). 

3.1.4 The Electromyographic Signal 

Electromyography (EMG) is the study and use of the EMG signal that originates in the 
membrane of muscle fibers as they contract. As shown in section 3.2 the membrane 
depolarization of a muscle fiber generates an electromagnetic field in the vicinity of the MF’s. 
The potential or voltage of this electromagnetic field can be detected using needle or surface 
electrodes. 
The signal that is measured, a superposition of the action potentials of the MU’s that are 
innervated, is called the EMG signal. The electrical result of the MU twitch contraction is 
shown in$gure 2. 

a 



MOTOR UNIT ACTION POTENTIAL 

+ n 

. - _  

figure 2 : Schematic representation of the generation of the motor unit action potential. 

In the diagram the integer n represents the total number of MF’s of one MU of which the 
action potentials are detected by an electrode. 

The EMG signal is affected by the anatomical and physiological properties of the muscle, the 
control scheme of the peripheral nervous system, as well as the characteristics of the 
instrumentation that is used to detect and observe it. Using EMG-equipment to detect the 
action potential of Mu’s several physiological properties can be measured and determined: 

maximum M-potential (sum of all MU action potentials of the muscle). 
single Mu action potential. 
estimation of the number of MU’s. 
conduction velocity. 
firing rates. 

These factors are determined using stimulation electrodes or voluntary contraction to activate 
the MU and the EMG signal is recorded with surface or needle electrodes. 
Surface electrodes are placed relatively far from the MU territories and have large pick-up 
areas (ie. the observed part of the muscle). This causes that not only n/iU action potentials 
origination from MU’s at a s h ~ r t  distance from the electrode axe detected, as with needle 
electrodes, but also at larger distances. This implies that with surface electrodes the detected 
EMG signal is composed of the superposition of several MU action potentials. 
The application of surface EMG has the main disadvantage that patterns occur usually are to 
difficult to interpret with the naked eye. However, the use of surface EMG has some typical 
advantages: 

9 



0 Large parts of the muscle are examined. This means that the function of the total muscle is 
more or less taken into account. 
Surface EMG implies non-invasive technique and is painless in contrast to the application 
of needle EMG. This must be regarded as a very important aspect. One cannot deny that 
in longitudinal studies the cooperation of many volunteers stands or falls with the fact that 
if the tests are painful or not. 
Routine surface EMG examinations can be performed by non-clinicians. 

0 

0 

The surface EMG signal differs from the needle EMG signal, the surface EMG signal 
represents a superposition of MU siction potentials of all. active MU’s in the detectzble vicinity 
of the surface electrode whereas with the needle EMG single MU action potentials can be 
detected (de Luca, 1994 [12]). Using needle electrodes only a very limited part of the muscle 
is observed, i.e. the pick-up area is very small. In such a area only the activities of one or two 
MF’s of a single MU are registered. Using needle electrodes only the activities of a few MU’s 
can be studied. Placing the needle in the right position in the muscle the activity of one single 
MU can be detected. Repositioning of the needle electrode can give a complete different 
signal coming from a different single MU. With this information most of the active MU’s 
dwing a specific contraction can be fûi_iild. 

3.1.5 Motor Unit Estimation 

Most researchers use the EMG for MU estimation because this can provide indications of 
motor neuron or motor axon losses in serial studies, and the rates at which they are being lost. 
The number of MU’s, however estimate, is the number of functioning MU’s (Basmajian, 1987 
[i]; Brown, 1984 [4]; DeLuca, 1994 [12]; Stein et al., 1990 [23]). An estimate of the number 
of MU’s present in the muscle can be made by division of the maximum M-potential 
amplitude (or area)-the sum of all MU potentials (MUP) generated by those motor axons 
excited by the stimulus- and the mean MUP amplitude: 

Maximum M-potential amplitude 

Mean single MUP amplitude 
Motor Unit Estimation = _______________________-____-_----_____-__ 

The mean sMUP amplitude is obtained by collecting a sample of several sMUP’s and average 
the amplitudes of the sMUP amplitudes. The single MU potentials can be collected using 
different methods. 

In practice, a way to collect sMUP’s is to stimulate at 1 Hz and slower and steadily increase 
the current. Once, motor ilil-eshûkl is reached, the chsirsicieristic ‘zl.l.-ûï-natkiing’ ïespûiise 
corresponding to the activation of one MU can be detected. Further increase of the stimulus 
will excite more other motor axons in the order of their thresholds, and the amplitude of the 
M-potential correspondingly increases with addition of successively recruited MUP’s. 
MU estimation has made contributions to neuromuscular physiology in (McComas, 1994 
[W):  

0 establishing sizes of various motor neurons. 
10 



Aging. 
0 

0 Collateral reinnervation. 
0 EMG diagnosis and assessment. 

amyotrophic lateral sclerosis and spinal muscular atrophy. 

In the future, MU estimation studies should be complemented by force measurements, both of 
sMU’s and the entire muscle to complete more the neuromuscular physiology study of the 
muscle. With this added information, it should be possible to determine the balance of fast- 
twitch and slow-twitch MU’s and to what extent collateral innervation has taken place 
(McCûmas, 1994 [I 81). 

Different methods for estimating sMU responses are used for the different study protocols 
within the BLSA study “Racial and Gender Effects on Age-Associated Changes in the 
Neuromuscular System” (section 2.3). Functional MU assessments will be made in the upper- 
and lower limb muscles and thenar musculature using one of two methods: Multiple Point 
Stimulation (MPS) or Computerized decomposition of the MUAP. The first method will be 
used for the thenar musculature in the study protocol “Thenar contraction properties and their 
e:ectrophysiologicd pïopeïties -with agiag”, while the secûnd methûd vJi!l be used fûr the 
upper- and lower limb muscles in the study protocols ”Upper and lower extremities 
contraction properties vs. electrophysiological properties with aging” and “Agonist vs. 
Antagonist contraction properties and electrophysiological properties with aging”. 

Both methods examine the size of the electrical response to muscle activation using surface 
electromyogram and dividing by the estimated size of a single MU response. The methods 
vary in how the latter measurement is estimated. The first method uses graded stimulation of 
the motor nerve to activate individual MU’s. Multiple sites along the nerve are stimulated to 
find different MU’s. This technique can be used to longitudinally follow individual Mü’s. The 
second uses a computer program to identify individual Mu’s at specified levels of muscle 
contraction. 

3.1.6 Multiple Point Stimulation (MPS) 

A disposable, self-adhesive electrode is placed over the muscle endplate zone. The zone is 
detected by stimulating the nerve to the muscle with electrical current, and moving the 
electrode around until a maximum recording is obtained. Once identified, a maximum 
compound muscle action potential is determined by gradually increasing the electrical current 
during stimulation until the current is 20 YO greater than the current which gives the maximum 
size. 
lhe nerve is then stinülated vvih !ûw cùïïeii: which is gm&d!y increased u t i 1  a single MU 
is identified with the surface electrode. Several MU’s can often be obtained at any given site. 
The stimulation is subsequently moved to other points along the nerve and the procedure for 
measuring single units is repeated. After the nerve is sampled along its length, the wire 
electrodes can be reinserted in another area of the muscle and the procedure repeated. At least 
10-20 MU will be identified within the muscle. The average motor unit amplitude or area will 
be determined and divided into the maximal compound action potential amplitude to estimate 
the number of functional units. 

T 

11 



3.1.7 Motor Unit Decomposition 

This technique uses a similar approach to determine the maximum motor unit potential by 
nerve stimulation. A fine wire recording electrode is placed into the body of the muscle to 
identi& specific MU’s. A surface recording is taken simultaneously. By averaging a large 
number of intramuscular spikes from a single MU (spike-triggered averaging), the surface 
potential can be determined. The subject is requested to generate a specified percentage of his 
maximum strength for the muscle of interest. The recorded interference pattern is the 
decomposed by computer to identify specific MU. 10-20 MU will be identified by this 
technique. 

Advantages of these techniques is that they can be done in a clinical setting and can give 
estimates of the number of MU’s. Data within laboratories can be reliable, though data across 
laboratories need to be carefully compared. Estimates based on each of these techniques are in 
reasonable agreement with anatomical estimates. 
Disadvantages include assumptions made in the method and technical problems. Assumptions 
include the Sam-ple of MU responses measured is representative and the evoked units 
summate linearly. Other problems include MU recruitment biases, and position of MU in 
relation to measuring electrodes. 

3.2 Age-related Changes in the Neuromuscular System 

3.2.1 Introduction 

Only a few researchers have investigated single human MU electrophysiological and 
contractile properties in relation to aging. Electrophysiological measurements are influenced 
by multiple factors namely temperature, height as well as age (Robinson, 1994 [21]). Over the 
past few years, techniques have become available to estimate the numbers of MU’S in human 
muscles. From the very few human studies, age-related changes in the number and 
physiological and contractile properties of human MU’s is described. This chapter will give a 
slciri.,r,wj of severd stcclies of cige-dated climges in iiirnm Mu’s. 

3.2.2 The Motor Neuron 

Age is known to be associated with losses of motor neurons, alteration in neuron size (i.e. 
atrophy) and other structural alterations and a variable degree of functional and non- 
fimctional regeneration (i.e. sprouting). With losses of motor neurons, the remaining MU’s are 
enlarged as reflected by increased mean single MU action potential sizes (Brown, 1994 [6]; 
Dohel-ty etal., 1994 [9];  Dyck, 1994 [13]). 
Rates of motor neuron cell losses based on physiological studies are similar to those derived 
from anatomical studies of losses of cells (Brown et al., 1988 [5]).  The magnitude of the 
losses varies widely with motor neuron cell or muscle studied and the methods used to derive 
the numbers of motor neurons. Besides aging, other factors can contribute to the losses of 
motor neurons, e.g. neural diseases. Losses in spinal motor neurons and MU’S in lower limb 
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muscle became apparent by 60 years of age (Booth et al., 1994 [2]; Doherty et al., 1993 [8]). 
No evidence of ventral horn cell body loss was detected until 60 years of age when their 
numbers of motor neurons began to decrease progressively. However, these findings were 
collected on different subjects and longitudinal data can show the variability in the number s 
of motor neurons present in any group. These findings suggest age-associated losses of motor 
neurons and the subsequent degeneration of their axons. 

3.2.3 The Conduction Velocity 

The functioning of the peripheral motor system is often investigated by measuring the 
maximum motor Conduction Velocity (CV) of a given nerve. It’s well known that aging is 
associated with reduced maximum motor CV in peripheral nerves supplying various muscles 
(Basmajian, 1978 [i]; Doherty et al., 1993 [8]; Dyck, 1994 [13]; Brown, 1994 [6]). These 
reductions could be the result of selective losses of the largest and fastest conduction motor 
fibers or simply losses of the same fibers through natural random attrition or a more or less 
uniform slowing of the motor axon CV’s of all nerve fibers (Doherty et al. 1994 [SI; Brown, 
1994 161). _ _  The cause of reductions in the motor CV’s of all nerve fibers with aging might 
reflect variety of changes in the underlying nerve fibers such as reductions in axonal diameter, 
and reductions in internode length. Motor nerve CV’s generally drop about 0.2 m/s/yr. 
(Robinson, 1994 [2 1 I). 

3.2.4 The Motor Unit Action Potential 

The few studies investigating human muscles with EMG in older subjects, documented age- 
related changes in the MU action potential (MUAP) in terms of amplitudes and the duration 
of the MUAP (Basmajian, 1978 [i]; Booth et al., 1994 [2]; Brown, 1984 [4] & 1994 [6]; 
Doherty et al., 1993 [8]; Dyck, 1994 [13]; Robinson, 1994 [21]). There is an increase in the 
MUAP durations of about 0.05 ms/yr. shown for the biceps brachii muscles. Also a 
significant increase in mean surface MUAP size is shown in subjects of 60 years of age or 
older, but the range of values was widely at all ages. For the thenar muscles, the single 
MUAP size were significantly larger (+39%) in older subjects (age 68 +- 3 yr.) compared to 
the young (Doiierty ei ai., i994 [9j). They also showed that in older s~bjects theïe wzs 
besides a significant increase in the mean single MUAP size, a shift in the distribution 
towards the greater numbers of larger single MUAP’s. 

3.2.5 Motor Unit Estimation 

Subjects over 60 years of age had less than half the number of îvfU’s fn the thenar rrnuscles 
when compared to the younger subjects. Also in the biceps brachii and brachialis muscles and 
the extensor digitorum brevis (thenar) muscle, age-related reductions in the number of MU’s 
have been shown besides a significant increase in mean surface MU action potential sizes 
(Brown et al., 1988 [5] ;  Doherty et ai., 1993 [8]). MU loss in the thenar muscles seems to 
begin between the ages of 50 and 60 years (Booth et al., 1994 [2]; Brown et al., 1988 [5] ;  
Doherty et al. , 1993 [8]). 
As a result of the loss MU’s, it is thought that some of the muscle fibers fi-om the lost MU 
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become reinnervated by the other remaining MU’s. The reasoning for this inference is based 
upon: 

0 

0 

0 

The enlargement of MU size with aging. 
Muscle fibers within a given area of the muscle becoming more homogeneous in fiber 
type (i.e. fiber type grouping). 
The end plates in aged muscles are more complex (Booth et al., 1994 [2]; Brown, 1994 
[6]; Doherty et al., 1993 [SI). 

Suggested is that the underlyifig mechan;ism is not only f d w e  of nerves to reimervatz 
muscle fibers in the cycle of denervationheinnervation, but also motor neurons degenerate. If 
muscle fibers are lost prior to the degeneration of spinal motor neurons, the primary lesion 
may originate in the muscle fiber and/or neuromuscular junction. However, an accelerated 
loss of total muscle fiber number begins about 50 years of age, losses of MU’s are present in 
men and women by the seventh decade. The aforementioned electrophysiological studies 
provide evidence for reinnervation, fiber grouping and increases in MU size. 

The age-related reductions in MU number are accompanied by significant reductions in both 
maximum twitch forces and maximum voluntary contractile forces of the following muscles: 
biceps brachii, brachialis, extensor digitorum brevis (thenar) (Booth et al., 1994 [2]; Brooks et 
al., 1994 [3]; Brown, 1994 [6]; Doherty et al., 1993 [SI; Howard et al., 1988 [16]; McComas, 
1994 [is]). Thus, losses of MU’s are accompanied with increases in sizes of both surface and 
intramuscular recorded MUAP and with larger twitch tensions in the remaining MU’s. 
Additionally, prolonged MU contraction times (CT) along with reductions in the threshold 
MU firing rate have been shown in the first interosseous muscle (Doherty et al., 1993 [8]; 
Fielding, 1994 [ 141). 
MU’s that generate larger MUAP’s not only generate larger twitch tensions but are recruited 
at higher thresholds in voluntary contractions as compared with MU’s generating smaller- 
sized potentials and lower tensions (Brown et al., 1988 [5]) .  The increased MUAP and the 
increased twitch tension in aged Mu’s may provide evidence for reinnervation of muscle 
fibers which increases MU size. Additionally, MU’s exhibit significant prolonged CT’s and 
one half relaxation times ( Y 2  RT’s, i.e. recovery time from peak muscle twitch force to a value 
of one half of the peak) which is associated with the reduction in strength (Brown, 1994 [6]; 
Doherty et al., 1993 [8]; Dyck, 1994[13]). Consistent with these differences are the results of 
a number of studies that have reported decreases in MU firing rate with aging (Brown, 1994 
[6]; Eoherty ei al., 1993 [SI; Xowaïd et al., 1388 [ !6] ;  McComas, 1994 [Is]). These results 
are in agreement with the reported increases in CT and 1/2 RT in the aforementioned studies. 
Whether these reductions in firing rates represent an adaptation to the slower contractile speed 
s of elderly MU’s or simply a reduced capacity of the central nervous system to drive motor 
neurons at higher firing rates is still unknown. 
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3.2.7 Conclusions 

Aging in human is associated with reduction in muscle mass (atrophy) and the loss of 
functioning motor neurons resulting in changes in muscle strength, muscle twitch and size of 
the compound MUAP. There are greater numbers of MF’s per MU, resulting in larger 
amplitude potentials and twitch tensions. The underlying cause is thought to be an ongoing 
denervationheinnervation process that contributes to increase in the number of MF per recited 
MU through axonal sprouting. 
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4. Development of EMG-Force Data Acquisition 
System 

4.1 Introduction 

Investigations of age-related changes in MU contractile and electrophysiological properties 
hzve beer, limited. Fmther stcidy is required to provide a nore thorough understanding of the 
underlying changes and adaptive capabilities of MU’s of older adults. Additionally, it would 
be of great interest to relate the contractile properties of MU to the electrophysiological 
properties of MU and the whole muscle. Although, devices are available to examine 
contractile properties of human upper and lower limb muscles and to examine the 
electrophysiological characteristics of the MU’s, There is no device available to examine 
these phenomena synchronous in order to study the relationship between these age-related 
variables. Therefore, the purpose of this study is to develop a device to be able to study the 
ïe!ations!ips Setweer, the izteres-tiilg, syncliroilously obtziaied .ge-associatd variables. 

To develop such a device some available measurement systems of contractile properties and 
electrophysiological characteristics of the MU’s will be used. At first, some information on 
the different available measurement systems will be given see sections 4.3.1 to 4.3.3). These 
systems will be connected to a separate data-acquisition system with a computerprogram 
made by De Hart [ 1 11 will support this system to obtain the age-related signals. The system is 
called the Synchronous Signal Detection System and its applications will be discussed in 
section 4.3.4.1. 

Investigations of age-related changes in MU contractile and electrophysiological properties 
have been limited. Further study is required to provide a more thorough understanding of the 
underlying changes and adaptive capabilities of MU’s of older adults. Additionally, it would 
be of great interest to relate the contractile properties of MU to the electrophysiological 
properties of MU and the whole muscle. Although, devices are available to examine 
coilti-actde properties of hiirilan upper m d  lower limb muscles and to examine the 
electrophysiological characteristics of the MU’s, there is no device available to examine these 
phenomena synchronous in order to study the relationship between these age-related 
variables. 

Therefore, the purpose of this study is to develop a device to be able to study the relationships 
between the interesting, synchronously obtained age-associated variables. To develop such a 
device some available measurement systems of contractile properties and electrophysiological 
characteristics of the MU’s will be used. At first, some information on the different available 
measurement systems will be given. These systems will be connected to a separate data- 
acquisition system and a program made by De Hart [ l l ]  will support this system to obtain the 
age-related signals. 
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4.2 Purposes and requirements of the system 

As described in section 2.3 and 2.4 a system has to be developed that can serve the needs of 
the proposed studies. This data-acquisition system that will be able to collect and process the 
signals of the various types of equipment (KIN-COM, Advantage EMG and TFM system) 
should meet with the following requirements: 

a 

e 

The recorded signals have to be triggered to guarantee that the force signals measured are 
indeed recorded at the same instance as the EMG signals are. 
The collected data should be collected at a fi-equency high enough to include all relevant 
components of the signals. 
The data should be stored into files in an accessible way for further analysis. 
Present data readily to analyze. 
Obtained data should be comparable and realistic. 
Easy to use. 
Good reliability. 
Easy and fast calibration. 

4.3 Measurement Devices being used for Neuromuscular Study 

The proposed studies of the BLSA need force and EMG measurement systems. The force 
measurement systems are used to collect data of muscle contractions of the upper and lower 
limb muscles (KIN-COM system) and of thenar muscles (TFM system developed by 
Olmer[1995]). The EMG measurement system (Advantage EMG system) is used to collect 
data of muscle innovations of upper and lower limb muscles and thenar muscles and is used 
to stimulate the thenar muscles. Since modi@ing the software and/or hardware of the existing 
measurement systems, if at all possible, would take to long to accomplish the best solution 
would be to use a third computer to connect the different single outputs of the measurements 
systems with tiiis computer. Use of this third computer would have the advantage of not 
having to change the inside of the Advantage EMG and the KIN-COM hardware and software 
and that there is much more freedom for designing and adapting data-acquisition and analysis 
software according to the needs of the experiments within the longitudinal studies. The 
complete integrated system will consist of the following components: 

. The KIN-COM System. . The Advantage EMG System. 
0 The Thumb Finger Measurement (TFM) System developed by Qlmer, 1995 1201. 

A PC Pentium 133 MHz, 24 Mb RAM, 1.2 GB harddisk. 
A 12 bit, 16 channel, AT-MIO- 16 DAQ Board. 
LabView program SSDS developed by De Hart, 1996 [I I]. 

. 

. . Amplieing & Filtering System. 
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In the next sections the different components will be discussed. 

4.3.1 The KINCOM System 

The KINCOM system (KINCOM 125E Plus, Chattecx Corporation) is a force measurement 
system that is designed to provide the user with the optimum in both assessment of muscle 
strength as well as the tools of exercise training. Evaluation and training tools are valuable 
elements of a clinicians practice. The KINCOM provides the following clinical advantages 
(Operator’s Users Manual, KINCOM 125E Plus [27]): 

0 

e 

Comprehensive muscle testing capabilities in the concentric and eccentric spectrum. 
Multiple patient training capabilities: isokinetic, passive isometric, isotonic and a protocol 
mode. 
Operating through screen touch technology. Visual feedback for both clinician and 
patient. 

o 

When working with patients, in either training or evaluation function, the operator monitors 
the range of motion (ROM) of the activity that is performed, the muscle tension the patient is 
to generate and the speed of the movement. When the patient applies force to the KINCOM 
load cell, three signals are generated: 

0 Range of motion : start and stop-angles of the activity. 
muscle tension 
speed : velocity of the activity. 

: amount of force applied to the load cell. 

The load cell is used to indicate the direction and amount of force that is applied by the 
patient. It can accurately measure from 1 to 2000 N of applied force. The device consists of a 
full bridge strain gage whose signal is amplified by an instrumentation amplifier and fed to 
the computer for analysis. 

For the study protocols 1 and 2 from section 2.3 the patients have to perform an isometric 
contraction for a period of time. In case of the lower limb muscle study protocol the subject 
will be positioned in the chair like in$gure 3. 
For the protocol the patient has to do a maximum contraction first. The computer measures 
the Maximum Voluntary Contraction (MVC) and then sets a baseline (for example 30 % 
MVC) and the range (+-5%) within which the force has to be maintained. For the study it is 
desired to use a system that can set the baseline and when the force falls outside the range, a 
buzzer and light has to warn the patient that he/she has to apply more/less force to get into the 
range again. Ais0 a counter needs to be shown so that the patient wiii h o w  how long he/she 
will have to maintain the isometric contraction. 
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c 

$gure 3: subject positioning in KINCOM system for lower limb study (knee extension). 

4.3.2 The Advantage EMG System 

The Advantage EMG system which is manufactured by the Clark Davis Medical Systems Inc. 
in London Ontario Canada (Operating Manual Advantage EMG System [26]), is a system 
which is used to detect and record electrophysiological signals such as single MUAP’s, M- 
potentials and MU estimation. The Advantage EMG system can detect EMG signals of 
voluntary or stimulated contractions using 1) needle or intra-muscular electrodes or 2) surface 
or extra-muscular electrodes. This EMG system is specially designed to improve the accuracy 
of MU estimation and is convenient to operate in a clinical environment. Its technical 
specifications can be found in Âppendix 8.4. Technical innovations incorporated into the 
Advantsrge EMG system enhance the EMG testing process: 

0 High graphic processing speed guarantees true real time waveform display, eliminating 
the need for an external analog monitor. 
Fast data acquisition allows sampling rates up to 3 50 kHz. 
Continuous background signal monitoring and continuous screen readout of amplifier, 
stimulator and list parameters are displayed on the same screen. 
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For the motor unit estimation and the single motor unit action potential two different 
methods are used. For the study <Upper and lower extremities contraction properties vs. 
Electrophysiological properties with aging”, a computerized decomposition method is used 
for obtaining single MU action potentials and MU number estimation. Because it is almost 
impossible for the subject to activate one single MU, several MU’s are recorded in stead of 
one MU. Then the recorded interference pattern will be decomposed to get the single Mu 
action potentials. 

Motor Unit Decomposition 

Motor Unit Decomposition is a technique which uses voluntary contraction to determine the 
sizes and shapes of surface detected MU potentials. The decomposition method will be used 
for the proximal muscles including the vastus medialis and the biceps brachii. In this 
technique, voluntary MU recruitment is analyzed by the method based on spike-triggered 
averaging, with a needle electrode inserted in the muscle and used to identify corresponding 
surface MU action potentials. 

First the maximum voluntary contraction (MVC) is detemined usiilg the E;INCO?VI system 
(section 4.3.1). The MVC refers to the condition in which the subject attempts to recruit as 
many muscle fibers as possible to develop maximum force, that is, maximum contraction. 
Then the maximum M-potential is determined by percutaneous stimulation of the nerve and 
detecting the signal with surface electrodes. This is necessary for the MU number estimation. 
For this estimation the peak-to-peak amplitude of the electrical response (M-potential ) to 
muscle activation using surface electromyogram is examined and divided by the average 
peak-to-peak amplitude of the MU action potential analyzed. 

The EMG measurements are recorded during an isometric contraction and the KINCOM 
system is used to control the constancy of the force output. A concentric needle electrode 
(DMF 25 TECA) is placed into the body of the muscle and is used to detect the electrical 
potential generated by those voluntary recruited MU’s lying within the vicinity of the needle 
electrode. The surface electrode which measures the MU action potentials is placed over the 
motor endplate and the ground electrode is placed near the recording electrode. The subject, 
sitting, extents Esker !eg fûï 3C s while the needle electrode a d  2 smface electrode revcrd 
the MU action potentials of several MU’s. The recorded interference pattern is then 
decomposed by the computer program to identie specific MU’s and their firing pattern. The 
expectations are that it is possible to decompose 5 to 10 MU’s for each recording. The needle 
electrode will be placed into several points of the muscle body to find up to 20 distinct MU’s. 

This method can now also be used in the study protocol ‘ Agonist vs. Antagonist contractile 
properties and electrophysiological properties with aging because the EMG system has four 
recording cha-mels. So for both muscles a needle and a smface electrode can Se recorded 
simultaneously. 

Multiple Point Stimulation 

For the study protocol “ Thenar coïîtrcictioii pïûpeïties vs. electrophysiûlûgicd properties with 
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aging” a new technique is used to determine the mean single MU action potential amplitude in 
order to get the MU number estimation. This method is called Multiple Point Stimulation 
(MPS) and it uses electrodes to stimulate thenar MU’s by stimulating multiple sites along the 
median nerve. 

Self-adhesive surface recording electrodes are used to detect thenar single MU action 
potential. The ‘active’ electrode is placed over the innervation zone with an inactive electrode 
on the muscle tendon. This zone is detected by stimulating the nerve to the muscle with 
electrical current, and moving the electrode around until a maximum recording is obtained. 
The ground is a metal plate fixed io the back ofthe hand. 

A bipolar electrode stimulates the median nerve with low current and with the cathode distal. 
First, a maximum M-potential is elicited by manually gradually increasing the electrical 
current during stimulation of the median nerve at the wrist at 1 Hz. This will continue until 
the current is 20 % greater than the current which gives the maximum size and will then be 
reduced manually until it is just subthreshold. 

m 
i o iocate sites where a single motor axon e m  be excited, the siiiriulus iatensis is incressed to 
the level at which the first reproducible, “all or nothing” single Mu action potential is 
detected. If it is impossible to detect a single, repeatable and clear “all or nothing” single MIJ 
action potential, fi-ee of alteration, the bipolar electrode will be moved. The stimulation 
electrode is subsequently moved to points along the course of the median nerve between the 
thenar motor point and the distal forearm and between the elbow an axilla, to detect single 
MU action potentials. At least 20 single MU action potentials of the thenar muscles will be 
identified for the estimation. 

4.3.3 The Thumb Finger Measurement System (TFM) 

The TFM system @gure 4 )  is designed by Ellen Olmer (Olmer, 1995 [20]) for the study 
‘Thenar Contraction properties vs. Electrophysiological Properties with Aging’. It is designed 
to measure the force-magnitude and force-direction of abduction and/or flexion produced by 
thenar muscles when human thenar single MU’s are electrically stimulated by the surface 
electrodes using the MPS method. (section 4.3.2). Median nerve stimulation can lead to 
abduction, adduction and flexion of the thumb. It has been demonstrated by other researchers 
(Doherty, 1993 [7]; Thomas et al., 1990 [24]; Westling et al., 1990 112.51) that single MU’s 
within the same musclegroup generate force in widely different directions. Thus regardless of 
the strain-gages that are used to determine the thenar forces and their directions, the forces 
should be measured two-dimensional, otherwise the forces ~ G T  mmy units r x s t  be reduced 
when measurements are made only in one direction. 

Strain gages are devices used for the electrical measurement of mechanical quantities. They 
are used for the measurements of strain, tensile or compressive strain caused by forces, 
pressure, heat, structural changes of the material and so on. These parameters will change the 
resistance of the strain gages which will lead to a different output voltage. 
An aluminum bar with a round cup drilled at one side was formed to hold the thumb in 
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position. Two sets of strain gages where mounted on a milled surface on the other side of the 
bar. The median nerve stimulation causes movement of the thumb and this movement will 
stress the strain-gages which will give a output voltage representative Îor the produced force. 
Because of the small forces generated by the thenar MU after stimulation (3-40 mN)? a small 
output voltage will be the result. Therefore, the output signal requires amplification before it 
is led to the readout instrument. The chosen amplifier is the 2B3 1 J Strain Gage Conditioner of 
Analog Devices. 

Figure 4:  The TFM system 

4,aA Main Computer for synchronized data acquisition 

The Main computer will be used to control the complete system with its different 
measurement devices. The PC 486DX2 with 66 MHz CPU speed and 8 MB RAM and 500 
MB harddisk that has been used by De Hart (De Hart, 1996 [i i]) has been replaced by a PC 
Pentium 133 MHz CPU speed and 24 MB RAM and 1.2 GB harddisk because during 
experiments it became clear that the former computer was not fast enough for the real time 
data acquisition of the different measurement devices. To the Pentium computer the different 
measurement devices, P.e. the Advantage EMG System, the KinCom System and the TFM 
System are connected by implementing the AT-MIO-16 DAQ board inside this computer. 
From within this computer the different study protocols will be started and with the use of the 
computer language ‘Labview’ the data acquisition and analysis will be controlled. 
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4.3.4.1 LabView program SSDS 

LabView (National Instruments) is a program development application, much like C or 
BASIC, or National Instruments Labwindows. However, LabView is different from those 
applications: LabView uses a graphical programming language, G, to create programs in 
block diagram form while the other programming systems use text-based languages to create 
lines of code. 

Labview programs are called virtual instruments (VI’S) because their appearance and 
operation imitate actual instruments. VI’s have an interactive user interface called the p o n t  
panel, because it simulates the panel of a physical instrument. The VI receives instructions 
from a block diagram which you construct in G. The block diagram is a pictorial solution to a 
programming problem. VI’S are hierarchical and modular. With these features, LabView 
promotes and adheres to the concept of modular programming . 

Because of the different protocol studies to be performed a complete LabView program has 
been written by De Wart, 1996 [li] called ‘the Synchronous Signal Detection System’ or 
SSDS. It controls the DAQ board and therefore the complete system @gure 5) and it will be 
used in future studies for the detection of neuromuscular signals within the BLSA. 

Advantage EMG system, KinCom system and TFM system (not displayed). 
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The SSDS program consists of a Main Menu in which different options are available for 
performing the different study protocols (figure ó). 

Figure 6: Main Menu of the SSDS with its different options. 

Each option represents a study protocol within data will be recorded and analyzed. The 
following part will briefly discus the basic options: 

KINCOM-Force-Measurements 

This option contains the protocols of 'upper and lower extremities contraction properties vs. 
electrophysiological properties and the 'agents vs. antagonist contraction and 
electrophysiological properties @gure 7). 

Figure 7: The KINCOM-Force Measurement Menu. 

The grogram starts with some general questions that have to be specified about the system 
settings of the measurement devices and the subject that is to be tested. Then the operator can 
choose between the two study protocols by using the switch in the upper left corner. Then the 
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operator has to set the desired force level as a percentage of the MVC together with the 
tolerance level as a percentage of the desired force level. After all the different measurement 
devices are set, the operator can start acquiring data by pressing the ‘Acquire Data’ button. 
The recorded force will be seen in the KINCOM Force Graph and the EMG signals fiom the 
Advantage EMG system will be seen in the EMG Channel Graphs and all the data will be 
stored for further analysis. 

Because of limitations of the system the operator will not be able to perform a decomposition 
analysis to detect single motor units. The Advantage EMG system uses a sampling frequency 
of 20 kHz io record the EMG signals whereas the SSDS highest saapling frequency is 5 h-Hz. 
The sampling rate can be modified in LabView but due to the limitations of the CPU speed 
and the RAM memory of the Main PC the maximum sampling fiequency is 5 kHz. To 
analyze the EMG data a feedback to the Advantage EMG system would be a solution. 
However, the datafiles from the SSDS must be converted into files that are accessible for the 
decomposition program of the Advantage EMG system. Since this is not yet possible, the 
EMG data must be analyzed directly after the experiment on the Advantage EMG system 
using the decomposition program available on that system. 

The recorded signals from the different measurement devices can be analyzed using the 
‘Signal Analysis’ button The ‘Signal Analysis’ Menu contains the acquired data of the force 
and EMG measurement devices. It displays the different signals synchronously. It has the 
option to zoom in up to 5 ms. With this option the operator can get a better understanding in 
how the EMG signals behave when the muscle contracts. Further options are explained in the 
internship-report by De Hart, 1996 [l i]. All the recorded data will be stored into ASCII-files 
for further analysis. 

Thumb-Force Measurements 

This option contains the study protocol of ‘thenar contraction properties vs. 
electrophysiological properties with Aging’ (Figure 8). The setup for performing the study is 
basically the same as for the ‘KINCOM-Force-Measurements’. 

In this study the thenar MV’s -will be stimdated usir;g stimdating electrodes. This stimulation 
will result in a twitch contraction of thenar muscles for a time interval of several ms. The 
resultant twitch force will has a defined direction because of the mixture of flexion and 
abduction forces. These different forces will be displayed in the two graphs in the lower right 
corner. The EMG signals will be detected using surface electrodes and will be displayed in 
the surface EMG graph in the upper right corner. In the lower left corner the resultant force 
vector is displayed. Further options are explained in the internship-report by De Hart, 1996 
[i i]. All the recorded data will be stored into ASCII-files for further analysis. 
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Figure 8: The Thumb-Force Measurements Menu. 

Modify the Programming 

Although the SSDS has already the application to perform the different study protocols, the 
system is stili in a development stage. The program can be modified using the Modi@ the 
Programming’ button if changing of the setup of the system is necessary of different studies. 

4.3.4.2 The DAQ Board and the Connections 

The main measurement systems for the proposed studies are discussed above. To get an 
integrated measurement system for synchronized recording of the different signals a data- 
acquisition board is necessary to which all the different signal outputs of the measurement 
systems are connected as analog inputs. These analog signals have to be converted to digital 
signals before the computer program can read and store the signals. This can be achieved by 
using a Analog to Digital Converter (ADC). This ADC is mounted on a DAQ board (Data 
Acquisition board). 

There are 5 different analog inputs coming fiom the different measurement systems, i.e.: 

Two analog input channels coming from the two analog outputs of the advantage EMG 
system. Because there are four input channels for the recording of the EMG signals, there 
are also four analog outputs but only two are connected directly to the DAQ board. 

There is one analog input channel coming from the KINCOM system. Because there is no 
external force output available on the KINCOM system, the positive force signal, negative 
force signal and the ground signai are tapped of internally and are connected to a custom 
build differentia! am-plifier (section 4.3.4.3). Then the differentiated amplified analog 
force signal is then connected to the DAQ board. 

There are two analog input channels from the TFM system, i.e. one input for the flexion 
forces (e.g. forces in the x-direction) and one input for the abduction forces (e.g. forces in 
the y-direction). 
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The amplified differential signals from the strain gage conditioner will first be filtered and 
further amplified (section 4.3.4.3) before they will be connected to the DAQ board. The 
output signals of the di€ferent measurement systems are connected to an AT-MIO- 16 DAQ 

board (National Instruments Corporation [28]). The AT-MIO-16 is a high performance, 
software configurable 12-bit ADC board for laboratory, test and measurement, and data 
acquisition and control applications. The board performs high-accuracy measurements with 
high-speed settling to 12 bits, noise as low as 0.1 LSBrms, and a typical DNL of 10.5 LSB 
(AT-MIO-16 User Manual, National Instruments Corporation). Because of its FIFO and dual- 
channel DMA, the AT-MIO-16 can achieve high performance, even when used in 
environments that may have long interrupt latencies sueh as Windows (see Appendix 8.3 for 
technical specifications DAQ Board). 

A common problem with DAQ boards is that it cannot easily synchronize several 
measurement functions to a common trigger or timing event. The AT-MIO-16 has the Real- 
Time System Integration (RTSI) bus to solve this problem. The RTSI bus consists of a 
custom RTSI bus interface chip and a ribbon cable to route timing and trigger signals between 
several functions on one or more DAQ’s in the PC. 

The DAQ board is set to the differential mode (DIFF Configuration) with differential 
connections. Differential connections are those in which each AT-MIO-16 analog input signal 
has its own reference signal or signal return path. Each differential input signal is tied to the 
positive input of the AT-MIO-16 instrumentation amplifier. The reference signal, or return, is 
tied to the negative input of the AT-MIO- 16 instrumentation amplifier. When the AT-MIO- 16 
is configured for the DIFF input, each signal uses two of the multiplexed inputs, one for the 
signal and one for its reference signal. Therefore only eighth analog input channels are 
available when using the DIFF configuration. In this situation, channels O to 7 of the 
connector pin assignments Vigure 9) are tied to the positive input of the AT-MIO-16 
instrumentation amplifier and channels 8 to 15 are tied to the negative input of the AT-MIO- 
16 instrumentation amplifier. 

Use of the DIFF input configuration is preferred when: 

o input signais are low ievei (iess than 1 ‘U‘). 
Leads connecting the signals to the AT-MIO- 16 are greater than 5 m. 
Any of the input signals needs a separate ground-reference point or return signal. 
Signal leads travel trough noise environments. 

o 

o 

o 

Differential signal connections reduce picked-up noise, increase common-mode signal and 
~ i s e  rejection, m b  cause inpat signals to float within the common-mode limits of the input 
instrumentation amplifier. 

Further noise reduction is achieved by separating the signal lines from the high-current or 
high-voltage lines. These lines can induce currents in or voltages on the signal lines if they 
run in parallel paths at a close distance. To reduce the magnetic coupling between lines, 
separate the lines by a reasonable distance if they run parallel, or run the lines at right angles 
to each other. 
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Connections of the DAQ board 

The different analog inputs of the measurement systems are connected to the AT-MIO- 16 I/O 
Connector Pin Assignment in the following way figure 9): 

The AIGND channels (Analog Input Ground), i.e. pins 1 and 2 are the bias current return 
point for the differential measurements and are not connected here (not necessary in DIFF 
mode). 
The ACH<O.. 15> channels (Analog Input Channels O to 15). In the DIFF mode, the input 
is configured up to 8 chamelis: 
The analog EMG signal from channel 1 on the Advantage EMG system is connected to 
channel ACHO, i.e. pin 3, and the reference signal of the EMG signal from channel 1 on 
the Advantage EMG system is connected to channel ACH8, i.e. pin 4. 
The analog EMG signal fiom channel 2 on the Advantage EMG system is connected to 
channel ACH1, i.e. pin 5, and the reference signal of the EMG signal from channel 2 on 
the Advantage EMG system is connected to channel ACH9, i.e. pin 6. 
The analog force signal from the KINCOM system is first fed into a custom build 
differential amplifier (section 4.3.4.3) before it Is cowrecied io the EA0 boad. The 
amplified differential force signal is then connected to channel ACH2, i.e. pin 7, and the 
reference signal of the differential force signal is connected to channel ACH10, i.e. pin 8. 
The analog flexion force signal from the TFM signal is first amplified by the differential 
Strain Gage Conditioner (section 4.3.3) before it is connected to the DAQ board. The 
amplified differential flexion force signal is then connected to channel ACH3, i.e. pin 9, 
and the reference signal of the differential flexion force signal is connected to channel 
ACH1 1, i.e. pin 10. 
The analog abduction force signal from the TFM signal is first amplified by the 
differential Strain Gage Conditioner (section 4.3.3) before it is connected to the DAQ 
board. The amplified differential abduction force signal is then connected to channel 
ACH4, i.e. pin 11, and the reference signal of the differential abduction force signal is 
connected to channel ACH12, i.e. pin 12. 
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EMG ch.1 
EMG ch.2 ACH9 

Kincorn force ACH 1 û 

TFM flexion 

Figure 9: The AT-MIO- 16 I/O Connector Pin Assignments. 

4.3.4.3 The Amplifying and Fliterhg System 

The DAQ board is inserted into the Main Computer within which the DAQ board will be 
controlled. A custom build minibox is used to connect the differential inputs to the pins of the 
DAQ board. However, to get reliable signals the different signals need to be amplified and 
filtered for which an amplifying and filtering system has been developed. 

EMG signals 

The two output signals of the Advantage EMG system are adapted from within the system, 
which means that the output signals are fairly reliable for the real signal as they are presented 
on the display screen of the Advantage EMG system. The signals are already filtered and 
amplified and need no extra amplification before connecting to the DAQ board. Some minor 
modifications can be done using the programmable software to control the DAQ board. 

29 



KinCom signals 

Because there is no external force signal output available on the KINCOM system, the 
positive force lead, negative force lead and the common lead are tapped of between the strain 
gage and the instrumental amplifier in the main computer of the KINCOM system. These 
signals are low-voltage signals (full scale force signal = 4 mV for full scale KINCOM force = 

2000 N). A high gain amplifier is needed to drive the signal to the DAQ board. The full scale 
of the DAQ board is 10 V so a gain is needed of 4000 to get to full scale of the DAQ board 
(the max. force output is then 11250 N, based on earlier skidies withifi the ELSA no subject 
exceeded 1250 N with isometric knee extension). These three signals are connected to a 
custom build amplifier (see Appendix 8.5 for electric scheme of the amplifier). It consists of 
a INA 110 Burr Brown differential amplifier with a gain of 500 and a OP-O7 opamp 
(operational amplifier) from Analog Devices with a gain of 10. Thus the max. total gain is 
5000. A offset adjuster and a gain adjuster for the opamp is placed so that the total gain can 
be adjusted to 4000. Both positive and negative force leads are connected to the differential 
amplifier and the output is then connected to the opamp. To reduce the signal noise a 
capacitor is placed between the positive znd the negative lead (C= 2 .al?>. Due to the high gak  
that is needed the noise is also high (< 40 mV peak-to-peak with the inputs shorted). 

TFM signals 

The force outputs from the two strain gages of the TFM system are connected to the strain 
gage conditioner 2B31J (Analog Devices). This is a high performance, low cost, compact 
signal conditioning module designed specially for high accuracy interface to strain gage-type 
transducers. It consists of a high input impedance, low offset and drift, low noise differential 
instrumentation amplifier, a three-pole low pass filter with a adjustable cut-off frequency, and 
a adjustable transducer excitation. The gain is set to maximum, i.e. 2000 but because of the 
extremely low forces being produced by a single motor unit another ampifying device is 
needed before it is connected to the DAQ board. Due to the limited time available this device 
is not yet been made. 

The Synchronous Signal Detection System is able to perform the proposed study protocols for 
the KinCom system but optimalisation of the signal amplification and filtering is needed for 
more accurate measurements. Due to the limited time available only the study protocol for the 
KinCom system could be tested and unfortunately the study protocol for the TFM system 
couldn’t be tested because the amplifier for the TFM system wasn’t operational yet. 

In the next chapter the results of the experiments with study protocol for the KinCom system 
will be presented and in chapter 6 some conclusions will be drawn and some 
recommendations will be presented for the SSDS system. 
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5. Experiments of SSDS System 

5.1 Introduction 

The ongoing development of the total integrated synchronous signal detection system (SSDS) 
has been discussed in the previous chapter. The next logical step is to test the system. 
However, because of the limited time available only a few experiments have been done to test 
the system and to look at the data recording and processing. Validation of the system in terms 
of veri@ing the reliability of the recorded signals and possible calibration will need to be 
done because the development is still in an development stage. The next section will show 
some results obtained using the 'KINCOM-Force Measurements' option in the SSDS 
program. 

5.2 KINCOM-Force Measurements 

Due to the limited time available only one study protocol, i.e. the 'Agonist vs. Antagonist 
Contraction Properties and electrophysiological Properties with Aging' study protocol has 
been tested. Goal of the experiment is to test if the SSDS system of synchronized signal 
detection is working for this study protocol. 

But first the KINCOM-Force Measurement system needs to be calibrated. 
First the difference in noise signal on de SSDS is measured with the KINCOM system on and 
off with no load applied. The offset of the SSDS will be adjusted until de force signal is zero 
when there is no load applied with the KinCom system on. 
Then the gain of the force signal will be adjusted until the force signal of the SSDS is the 
same as the force output on the KINCOM screen. A force of 200 N will be maintained 
manually on the KinCom system by pulling on the lever arm connected to the strain gage of 
the KinCom system. Then the SSDS program is started and the gain of the force signal of 
the SSDS is adjusted so that the force in de SSDS is also 200 N. 

5.2.1 Experiment 

After calibration of the system the subject is attached to the KTNCOM system with his right 
leg connected to the strain gage of the KINCOM with a 80" flexion of the knee (see figure 10 
for photos of complete setup with subject). The subject is also connected to the Advantage 
EMG system with two surface electrodes attached io the semiteilclinosus (h&%strir,gs, chmne! 
i) 2nd rectus fernoris (quadriceps, channel 2). The subject has to perform a isometric 
contraction of the quadriceps for 30 sec on 3 different force leveis i.e. force levels of 50 N, 
100 N and 200 N. The data that has been acquired during this test using the SSDS is stored in 
AS CII-files. 
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5.2.2 Results 

The calibration 

For the offset calibration no load is applied to the strain gage of the KinCom system. The 
force signal of the SSDS is displayed in$gure 11. At first the KinCom system is operational 
and after 9 sec the system is shut off. The noise of the force signal lies between -4.0 N and 
+2.0 N with the KINCOM system on, so the maximum noise is 6 N (after calibration). With 
the KINCOM system off the noise lies between -6.0 N and -3.0 N, so the maximum noise is 3 
N (after calibration). This is half the noise level of the signal with the KINCOM system on. 

Figure 11: Signal noise with KINCOM system on and off. 

The offset can be adjusted analog on the custom build amplifier and digital on the SSDS 
program. It is adjusted until the mean force signal on the SSDS system is around zero with the 
KinCom system on. The offset adjustment of the SSDS program is -0.3. 

With the adjustment of the gain of the force signal in the SSDS program a force of 200 N has 
to be maintained manually while calibrating. This is difficult to accomplish. Infigure 12 the 
force signal is displayed with SSDS force gain = 1. The force is applied after 14.0 s and a 
reasonably stable force signal of 200 N on the KinCom system is reached after 17.0 s and the 
applied force is stopped after 19.0 s. The force signal on the SSDS is then rt 1.75 N so the 
adjusted Force Gain of the SSDS program is 115 (1 15 * 5 1.75 = ZOO). The signal noise in the 
time-interval [i 7.0: 19.0 s] is appr. O. 1 N , so the signal to noise ratio S/N = i .75/ O. i = 17.5. 
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‘ogi ram. 

The experiment 

The experiments with the subject performing 50 N, 100 N and 200 N of force show that the 
SSDS system is abie to detect the force an0 the two EMG sigEak S J T I C ~ X O ~ ~ ~ U S ! ~ .  
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5.3 Thumb-Force Measurements 

Due to the limited time available, the TFM system is still not fully operational, because it is 
still in development. A device is being made for deriving the twitch force signal and 
amplifiing it but wasdt  ready at the time. But some options for the experimental setup are 
presented next: 

e The 3-D environment and axis have to be defined as basis for the force direction and for 
the thumb and TFM system position. The setup for the device and the handhold have to be 
determined and is dependent on the room used for the experiments. 
For the experimental procedure the device has to be calibrated. This can be done by 
putting some weights on it in both directions but better calibration methods need to be 
examined so that a twitch can be simulated by dropping a weight from a fixed distance on 
the device. 
Also the position and the angles in the 3-D area has to be measured before starting the 
experim-ents in order to know the position of the thumb for a better reproducibility 
when the subject returns for a follow-up test. This can be done by using a surface gage. 

0 

e 

The proposed setup will consist of: 

0 A comfortable firm chair. 
e 

e 

0 

0 

The forearmfixation cast attached to right armrest of chair. 
The TFM attachment also on chair and must be adjustable in 3 directions. 
The armrest must be adjustable in height. 
The TFM attachment with a coordinate axes system for repeated studies with the same 
subject (longitudinal study). 

Because the twitch forces of single thenar MU’S are forces of 3-40 mN, the device has to be 
very sensitive. Moreover, the twitch forces are mixed with respiratory forces (1 0-1 50 mN), 
pulse pressure waves (5-30 mN) and body movements. A device is under development that 
can_ derive the twitch force signal out of the total signal obtained by the TFM system. 

The device consists of a differential amplifier and a sample and hold unit and a threshold 
unit, so whenever a twitch force is applied, the signal is greater than the threshold and the 
device sets a artificial baseline at that point and records the signal around that baseline, and 
since the twitch force signal is much faster than the respiratory signal and the pulse pressure 
signal and the body movement signal, the derived signal is approx. the twitch force signal 
because the other signais aimost don’t change in the time-izteïvd in which the twitch fmce 
sign21 is s e a  
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60 Conclusions & Recommendations 

6.1 Introduction 

The causes of age-associated loss of muscle strength, muscle mass and muscle efficiency are 
not completely known. At the neuromuscular level, the losses may be associated with age- 
related changes in the muscle, in the nervous innervation of the muscle, or with the 
circulatory factors that are involved with muscle homeostasis. Research in this area will give 
a better understanding of the neuromuscular changes and the aging process. This is important 
because a loss of mobility inhibits participation in physical activities, as well as successful 
performance of the necessary activities of the daily living. 

Limited research has been done investigating these age-related changes in human muscle, 
especially electrophysiological and contractile properties of human MU’S in relation to aging. 
Since an important relationship seems to exist between these parameters, the goal of the 
BLSA is to investigate this relationship between these parameters within the same muscle- 
group simultaneously. 

6.2 General Conclusions 

In order to investigate these age-associated parameters simultaneously and their relationship 
between each other a system has been developed which is able to record and process 
neuromuscular parameters synchronously. Although several people worked on the 
development of this system, it is still a experimental setup that needs to be calibrated and 
validated before it can be implemented in the BLSA study. At this stage in the development 
some conclusions can be made from the system: 

1) Since the devices that measure the different neuromuscular parameters are not 
compatible for synchronized detection of the neuromuscular signals the use of a 
separate computer with i? data acquisition boxd is the best and perhaps the simplest 
way to accomplish the synchronization of the signal. 
Some typical neuromuscular tests with synchronous signal detection can be performed 
with the SSDS system. 
However, since the measurement devices are non-compatible, the derived signals are 
raw signals and need to be filtered and amplified before they can be recorded. 
Furthermore the signals need to be calibrated and the system needs to be validated. 

2) 

3) 

4) 

Using the SSDS system with the separate cornpiiter to obtain the sigr,als made it possible to 
do some typical neuromuscular tests synchronously as have been done individually. A few 
tests have been done to investigate the data recording, processing and analysis of the system. 
These tests showed good results in terms of the synchronized detection of the neuromuscular 
signals but no clinical conclusion can yet be made since the system needs to be calibrated 
lust. Some typicd cmclusions regarding the equipment of the different study protocols are 
will be presented next: 

36 

L- 



6.2.1 for KINCOM-Force Measurements 

Since the KinCom system doesn’t have an external force output, a signal wire containing the 
force signal from within the computer of the KinCom was tapped off. This is a low voltage 
raw signal and is very noisy. The custom build ampliSring and filtering system (section 
4.3.4.3) is able to produce a output signal with a signal to noise ratio (SIN-ratio) of f 20 
(section 5.2.2). For accurate measurements a minimum S/N-ratio of 50 is required so a better 
amplifier and filter for the KinCom force signal is needed. 

When the KinCom system is on the noise of the force signal doubles and the offset changes 
(section 5.2.2). The KINCOM system itself produces a significant noise, because the 
KINCOM system is not designed for external force signal output. That noise, probably 
coming from the power-supply of the strain gage of the KINCOM, cannot be eliminated 
because the system has to be operational while testing it. 
The raw force signal that goes into the KinCom computer is also connected to a DAQ board 
inside the computer that converts the analog force signal to a digital signal that can be 
monitored on the screen of thie KinCom system, It might be possible to tap of that digital 
signal and lead it to the main computer of the SSDS system. Then a amplifying and filtering 
system will not be needed anymore. 

The force signal offset and force signal gain in the SSDS program are different for each study 
protocol and need to be determined and implemented for each protocol. For the protocol 
‘Agonist vs. Antagonist Contraction Properties and electrophysiological Properties with 
Aging’ the offset and gain are resp. -0.3 and 115 (section 5.2.2). The KinCom force 
calibration protocol, as described in section 5.2, needs to be optimized, because the manually 
maintained force level of 200 N on the KinCom is not stable (see figure 1 i). So obviously an 
accurate calibration can’t be done. 

The EMG signals on SSDS still have to be calibrated with the Advantage EMG system for the 
different study protocols. Further filtering of the force signal and the EMG signals are 
possible using digital filtering in LabView, but specific software is required for digital 
filtering (for exam-ple Fourier Transformation). 

The sampling rate of the SSDS Program using the protocol ‘Agonist vs. Antagonist 
Contraction Properties and electrophysiological Properties with Aging’ is currently 1 kHz, but 
needs to be increased for higher resolution. 

Also the Labviewprogram SSDS needs to be optimized for the fatigue protocol from R. 
Conwit (see Appendix 8.1). It requires a data acquisition time of several minutes but due to 
Sufferproblems and &erna1 settings of the SSDS program the maximum acquisition time is to 
limited to perform the fatigue protocol. 
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6.2.2 for Thumb-Force Measurements 

Since the device for deriving the force signal from the total signal obtained by the TFM 
system is still under development, no tests have been done yet but further development is 
needed to optimize the TFM system. 

6.3 Recommendations 

A few recommendations can be made concerning the SSDS system with the investigation to 
the relationship between neuromuscular signals: 

0 Expansion o€ the sampling frequency of the SSDS program is recommendable to perform 
more sophisticated tests. 
Further development of synchronized detection software on the Advantage EMG might 
give good prospects. 
Modi@ the SSDS software to be able to do more different studies within the BLSA. 
The TFM system needs to be optimized before implementing in the BLSH study. 
Development of SSDS software for action potential decomposition. 
The SSDS system needs to be calibrated and the results have to be compared to results of 
other tests devices and literature. 

0 

0 

0 

e 

0 

However a more powerful computer is installed for the data acquisition of the neuromuscular 
signals, the sampling frequency of the SSDS program in LabView is still 1kHz for the 
‘KINCOM Force Measurements’ due to bufferproblems and programmable limitations of 
LabView. This is too low to obtain good signals to be able to derive the number of MU and/or 
single MU action potentials from the interference pattern of surface EMG recordings and 
needle EMG recordings. For this study a sampling frequency of at least 20kHz is necessary. 
But since the decomposing program for the single MU action potentials is not yet 
implemented in the SSDS program, the sampling frequency of 1 kHz is satisfying for the 
analysis of the neuromuscular signals of the different study protocols within the BLSA, and 
the decomposing program of the Advantage EMG system will be used until the program is 
implemented in the SSDS program. 

Further programming is required for more sophisticated signal analysis within the SSDS 
program. Although some basic analysis of the different neuromuscular signals is possible 
with the SSDS (i.e. peak force, average force, contraction and relaxation time, negative peak 
amplitude, peak-to-peak amplitude and negative peak area) more analysis might be necessary 
to get a better understanding between the relationship of the force and the EMG signals with 
aging. For example, the use of digital filtering techniques, like Fourier analysis or single 
value decomposition, might be very helpk! In hrther filtering the signals. Although a specid 
Fourier Analysis program is available in LabView, this program was not available at this 
stage of development but is recommendable in further studies. 

The TFM system is able to detect the force signal but since the signal is superimposed on the 
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pulse pressure wave and the breathing wave, the actual force signal needs to be derived Erom 
the total signal before it can be amplified. A device is under development that can derive and 
than amplifj the force signal but is not yet tested. 

Although further development is needed to be able to operate on the SSDS and to get reliable 
results of neuromuscular testing, the system as it is now is able to perform some basic studies 
for obtaining knowledge and understanding about age-related changes in neuromuscular 
performance. However, more investigations still need to be done to get a more thorough 
understanding of the relationship between the age-related parameters. 
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8.1 Fatigue protocol R. Conwit M.D. 

Title Strategies differ during fatigue from a submaximal contraction. 

Objective To evaluate the electrophysiological patterns of fatigue during submaximal 
contractions in the quadriceps femoris. 

Background 

A frequent problem during neurological rehabilitation is muscle fatigue: Individuals may 
utilize different strategies for the maintenance of force. One approach to analyze potential 
strategies is to examine electrophysiological characteristics during an isometric contraction. 
Fatigue studies have shown that with maximal voluntary contractions (MVC), firing rates 
(FRs) decline and surface-detected rectified mean EMG amplitude increases during the course 
of the contractions. With submaximal contractions, varying FR patterns have been identified 
with some studies showing declines while others have observed increases. Such observations 
would be consistent with different strategies of motor control. 

DesignMethods 

Seven subjects maintained 30 % of their MVC until exhaustion. Consecutive epochs of 25 to 
30 seconds wee recorded. Average motor unit FRs and surface-detected motor unit action 
potentials (s-MUAP) amplitudes were analyzed using an interference pattern decomposition 
program. Subjects repeated the procedure after 30 minutes of rest for a total of three trials on 
the same day. 

Results 

Average FRs declined within subjects (p=O.OO) during the first 120 seconds. Thereafter, 
unique individual patterns were observed over the next thirty seconds to three minutes of 
effort. Some subjects showed further declines while others increased their average FRs. In 
addition, average FRs increased from trail to trail (p=O.OO). Average s-MUAP peak-to-peak 
amplitude increased within subjects (p=O.OO) over the first 120 seconds during each trail and 
between trails. After the first 120 seconds, amplitude also became increasingly variable. 

Conclusion 

Submaxima! CQII~E~C~~OIE  to exhaustion show initial declines in FR and increases in average 
s-MUAP amplitude in all subjects. Subsequently, variations in average FR an s - N A P  
amplitude were seen with fatigue. Increased average s-MUAP amplitude suggests recruitment 
of larger motor units during the progression of the contraction. Furthermore, the increased 
average FRs and s-MUAP amplitudes from trail to trail suggests that recovery was not 
complete after 30 minutes of rest between efforts. These observations argue for unique 
strategies for the maintenance of force during fatigue after the first one to two minutes of 
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effort. In a rehabilitation setting, the first minute of isometric effort will result in the most 
consistent response. If an exercise is maintained for longer periods, individual differences in 
responses should be expected. Furthermore, with subsequent trails, fatigue becomes an 
important contributor to functional breakdown, that may alter and impair performance. 
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8.2 Study Protocol: Racial and Gender Effects on Age- 
Associated Changes in the Neuromuscular System. 

From : E. J. Metter, LSB 

To : Chair, BLSA Subcommittee on Scientific Directions 

Date : November 28,1994 

The enclosed protocol was submitted in September as part of LSB’s plans to focus on the 
general area of frailty. In the interim, we have been working at refining the protocol and 
developing technical expertise in its application. Based on that experience , I have updated the 
protocol to reflect this experience. The main change are that we believe that standard nerve 
conducting velocities should be included. These add about 10 minutes to the protocol. The 
description of the multiple point stimulation was in error and has been corrected. I had stated 
that it ïecquiïecl an intraauscu!ar electmde which is not the case. 

LSB is interested in the causes of frailty because they are poorly understood, and the role of 
race is unknown. Little research has examined biological issues, and the natural history of its 
development. The focus of much of our research is on changes in muscle strength with age 
and its consequences. Significant differences exists between women and men in muscle 
strength and body mass and may in part account for the greater degree of frailty in elderly 
women. The Baltimore Longitudinal Study on Aging offers an opportunity to address the role 

ofbiologicä~-factors~d~tnatural~is toryöf-develópment  eage=assóc+ated- clkanges I n  
functional abilities that contribute to frailty in a group of volunteers who are of relative 
uniform socioeconomic strata. 

The BLSA has implemented a muscle strength testing program using state of the art 
measurement techniques. The data will allow for studying the relationships between a number 
of descriptive and physiological measures and muscle strength by age, gender and race. The 
measures do not allûw for ar, mderstancling of the role of exercise in the elderly, or explain 
factors that result in age associated loss of strength. 

To compliment the descriptive study an R&D contract was developed and is to be awarded. 
The program entitled Effects of Age and Strength Training on muscle Strength, Body 
Composition, and Health status is an intervention study to assess effects of exercise on 
physiological measures, and an attempt to understand age differences in how metabolic and 
neural factors change and may contribute to muscle strength improvements. The program 
comsisis of strength trainifig and detraining in young and c!d womer, and mer, tc identiSi 
neural and endocrine (hormone) controls of muscle function and their effects on changes in 
muscle mass in adaptation to exercise. The study was designed to complement ongoing 
comparison of age related changes in strength between women and men in the BLSA, and to 
understand the effects of exercise on normal muscle physiology. We believe that further 
programs in the BLSA can complement the above studies and lead to a broader more 
thorough examination of the role of neural and metabolic factors in age-associated declines in 
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muscle strength. The following project is designed to examine the peripheral nervous motor 
system. 

Racial and Gender Effects on Age-Associated Changes in the Neuromuscular System 

Investigators: E.J. Metter, R. Conwit, W. Brown, B. Hurley. 

Frailty is a common problem that affects primarily elderly women, and may be more marked 
in minority groups. Causes of fi-ailty at present are poorly understood, nor is the reason for a 
higher pïevalence in woman. The high prevalence in women is assumed to result from longer 
survival, the development of more chronic diseases than men, or fi-om socioeconomic factors. 
Little research has examined biological issues that contribute to fi-ailty. Age-associated 
changes independent of socioeconomic factors and disease may result in a decreased 
capability to complete daily functions thus increasing the likelihood of developing frailty. 

As the final common pathway for all movement, changes in the neuromuscular system with 
age and disease is important in the increased susceptibility to frailty in the elderly. It is 
h o w n  that significant diffeïences exists between wûmen and men in mzscle strength and 
body mass which may part account for the greater degree of frailty in elderly women . with 
increasing age both sexes lose muscle and show a decline in muscle strength. The efficiency 
of muscle strength (strength per kg of muscle) has been shown to decline with age], and 
cross-sectionally the amount of decline is equal in both sexes. We are unaware of such studies 
comparing races. It is unclear whether the rates of decline in muscle strength over time differ 
by sex or race. This question in regard to sex is to be explored with Dr. Ben Hurley in the 
BLSA strength protocol. 

The causes of age associated loss of muscle strength, muscle mass and muscle efficiency are 
not known. The disuse hypothesis (“use it or lose it”) does not specifj the focus of the age- 
associated decline in muscle strength. At the neuromuscular level, the losses may be 
associated with age-related changes in the muscle, in the nervous innervation of the muscle, 
or with circulatory factors that are involved with muscle homeostasis. In terms of the muscle, 
early studies found that age differences occw in the distribution of fiber type, muscle 
metabûlism, and in secofidzry messenger h c t i c n  (pirnarily ca1ciLm regrilation) with 
decreases in force generation, slower contractions and increased fatigability. More recent 
studies have found that age differences in muscle are not as profound or universal when 
‘healthy’ and active elderly individuals were studied and in barrier raised animals. 

An argument against the inevitability and universitality for loss of muscle function is that 
different muscle groups in the same individual behave differently. Lower extremity muscles 
tend to show much greater loss of strength than those in the upper extremities with increasing 
age. Likewise, exercise appears io reverse or preveiit some of the chages that can be 
observed in the elderly. 

Muscle function is primarily controlled by the physical state of the muscle and by the nervous 
system through motor nerves. Increased motor nerve activity leads to hypertrophy and 
hyperplasia of the corresponding muscle. Initial hypertrophy of the muscle in response to 
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exercise results directly from the neural innervation, and affects primarily the type I1 muscle 
fibers. It is the type I1 fibers that change with aging and with disuse atrophy. The effect of 
exercise on muscle structure and performance also appears to have two parts. Early in an 
exercise program, the primary cause of improvement appears to be based on increased activity 
in the neuromuscular system. Strength increases in proportion to increased activation of motor 
units. 

With aging, changes occur in the neuromuscular system with a decrease in the number and 
size of the motor neurons, and with a slowing of nerve conduction velocity. Nerve conduction 
velocities represent the maximum speed of information trsnsfer from the cefitral nervous 
system to the muscle. It represents the velocities of the largest motor fibers. Losses of nerve 
fibers results in a reduction of motor units which are able to innervate muscle fibers. With 
loss of innervation a muscle fiber either atrophies or is innervated from fiber sprouts from 
other motor units. Nerve conduction has been shown to decline with age, on the order of 10 YO 
fkom the 20’s through 80’s on cross-sectional analysis. A dramatic decline in the number of 
active motor units beginning at age 60 can be demonstrated by electromyographic techniques. 
Recent analysis from existing BLSA data has shown that nerve conduction as a measure of 
nerve function is an independent contïibütoï to glip strength when coctïolling for age, muscle 
mass, and activity level. The findings are consistent with aging changes in the counts of 
lumbosacral motor neurons at autopsy. Whether the neuronal changes limits the early muscle 
response to exercise is not known. It is unclear whether the changes in the nerves is primary 
or secondary to changing behavior in the elderly. 

With exercise, and in elite athletes, continued improvement in strength and performance 
becomes dependent on the mediator system after the maximal effect of neuromuscular 
activation has occurred. Circulatory mediators act on muscle to maintain and alter 
homeostasis, and include hormones, growth factors, infl ammatory factors, and protein 
synthesis activators. These mediators function separately but not necessarily independently 
from the neuromuscular system. They appear to be a general controller responsible for the 
maintenance as well as the hypertrophy and hyperplasia of the muscle, while the 
neuromuscular system is responsible for the primary function of the muscle which is 
movement. In the elderly frail individuals we hypothesize that significant changes occur in 
both systems t h t  zilter muscle and peïfoïmmce. What is not mderstood is how the two 
systems interact to prevent or to speed deterioration of performance. Our long goal will be to 
understand the role of both systems in the aging changes in muscle strength and the 
subsequent affects on frailty. 

To understand the changes in muscle performance with aging, the role of the neuromuscular 
and circulatory mediators needs to be understood. At present little is known about the role 
that either sex or race play on either neuromuscular or mediator control of muscle. The 
specific goal of this proposal is io explore sexüal and ïacial effects on age-associated 
differences in neural control of muscle function , and to explore whether potential differences 
in neuromuscular functions are associated with differences in physical activity or functional 
capability. 
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Hypotheses 

1. Racial, sexual and age differences exist in the association between the amount of neuronal 
activity required to generate a specific force. 
Women require a greater neural activation than men and the difference increases in the 
elderly. 

a) Black subjects require less neural activation than whites and the difference are 
greatest in the elderly. 

2. There are racial and sexual differences in the age associated decline in nerve conduction 
velocity and the number of motor units. 

a) 
b) 

The number of functional motor units is strongly correlated to muscle strength. 
The age-associated correlations between muscle strength, nerve conduction 
velocity and the number of functional motor units in the nerve are the same by 
sex and race. 
Conduction velocity, duration of motor unit action potential, and amplitude 
within individual motor nerves and motor units vary by age, but not by sex and 
race. 

c) 

3. Self reported physical activity will strongly correlate with muscle strength and nerve 
conduction velocity and number of motor units. Stronger individuals will have higher 
nerve conduction velocities and a greater number of functional motor units. 

a) for women, there will be a lower level below which there will be a high 
correlation with functional loss. 

4. Differential loss of strength occurs in the upper and lower extremities with age. The 
differential will be explained by differences in muscle mass, exercise levels, and number 
of fiinctional motor units. 

Methods 

Subjects 

The study vil1 use BLSA subjects to obtain cross-sectional and longitudinal data. The goal 
will be to test at least 20 subjects in each age decade from the 20's to the 80's for four groups 
based on sex and race. Preferably, we would like to test subjects with no evidence of 
peripheral vascular disease, diabetes mellitus, peripheral neuropathy or rnLiscle disorders. 
Subjects would be tested at two points in time, 6 years apart in order to measure rates of 
change. 
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Clinical Evaluation 

The evaluations will include the standard clinical evaluation to assess overall health status. 
Estimation of muscle mass will be made based on 24 hour urinary creatinine excretion. 

Functional Activity 

Two currently used questionaires will be studied. The first is the physical activities 
questionnaire. This questionnaire will allow us to estimate current activities, and where 
available ‘cp estimate past levels of activity. The second Questionnaire is the functional statw 
questionnaire being used in the follow-up study and with the active participants. Together the 
two questionnaires should present a reasonable picture of how each subject functions in 
hidher environment. The data will aslo act as descriptors in compairing sexual and racial 
groups. In addition we will use the V02  maximum data from thje cardiovascular laboratory. 
The variables of interest will be V02 max, the maximum speed and incline acheived. 

Muscle strength 

The protocol will take advantage of the muscle testing that is being done in the BLSA using 
the Kin Com equipment. 

Neuromuscular Studies 

A) Neve conduction velocities will be measured using standard clinical techniques for the 
tibial, peroneal and sural nerves. Surface skin temperature will be measured, and if the 
temperature is below 35 degrees C, a heat lamp will be used to increase the 
temperature into his range. Surface electrodes will be placed over the muscle body to 
be recorded. The velocity is determined by supramaximally stimulating the nerve to 
the muscle at two points. The distance between the two points of stimulation is 
divided by the difference in conduction times between them. 

B) Functional motor unit assessment will be made in the biceps brachii, vastus medialis, 
and thenar musculature using one of two methods: Multiple Point Stimulation (MPS) 
or Computerized decomposition of the MUAP. The first method will be used for the 
thenar musculature while the second method will be used for the biceps brachii and 
the vastus medialis . 

Both methods examine the size of the electrical response to muscle activation using surface 
electromyogram and dividing by the estimated size of a single MU response. The methods 
vary in how the latter measurement is estimated. The first method uses graded stimulation of 
the motor nerve io activate individual MU’S. Mdtiple sites along the neïve aïe stimulated to 
find different MU’s. This technique can be used to longitudinally follow individual MU’s. The 
second uses a computer program to identiSl individual MU’s at specified levels of muscle 
contraction. 
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Multiple Point Stimulation (MPS): A disposable, self-adhesive electrode is placed over the 
muscle endplate zone. The zone is detected by stimulating the nerve to the muscle with 
electrical current, and moving the electrode around until a maximum recording is obtained. 
Once identified, a maximum compound muscle action potential is determined by gradually 
increasing the electrical current during stimulation until the current is 20 % greater than the 
current which gives the maximum size. 

The nerve is then stimulated with low current which is gradually increased until a single MU 
is identified with the surface electrode. Several MU’S can often be obtained at any given site. 
The stimulation is subsequently moved to other points along the nerve and the procedure h o r  
measuring single units is repeated. After the nerve is sampled along its length, the wire 
electrodes can be reinserted in another area of the muscle and the procedure repeated. At least 
10-20 MU will be identified within the muscle. The average motor unit amplitude or area will 
be determined and divided into the maximal compound action potential amplitude to estimate 
the number of functional units. 

Motor Unit Decomposition: This technique uses a similar approach to determine the 
iiraximeiwi motor -mil poten~al by nerve sthu!atkn. A fine -,viïe recording ekctïode is placed 
into the body of the muscle to identi@ specific MU’s. A surface recording is taken 
simultaneously. By averaging a large number of intramuscular spikes hom a single Mu 
(spike-triggered averaging), the surface potential can be determined. The subject is requested 
to generate a specified percentage of his maximum strength for the muscle of interest. The 
recorded interference pattern is the decomposed by computer to identi@ specific MU. 10-20 
MU will be identified by this technique. 

Advantages of these techniques is that they can be done in a clinical setting and can give 
estimates of the number of MU’s. Data within laboratories can be reliable, though data across 
laboratories 
need to be carefully compared. Estimates based on each of these techniques are in reasonable 
agreement with anatomical estimates. 

Disadvantages include assumptions made in the method and technical problems. Assumptions 
include the sample of MU respofises rrieaswed is representative and the evoked u& 
summate linearly. Other problems include Mu recruitment biases, and position of MU in 
relation to measuring electrodes. 

Analysis 

Data will be analysed by age, sex and race. Nerve conduction velocities, motor units, muscle 
strength will be examined to determine the degree of correlation while controlling for age, sex 
and race. Differences in variable will be exphed based on age, sex and rcice. Fuïther analyses 
using multiple regression will explore the relationship with functional capability. The 
longitudinal data will be examined using a repeated measures design to determine if changes 
in motor nerve measurements precede or predict changes in muscle strength and functional 
performance. Based on the estimated variance in the estimate of functional motor units: for a 
simple two way analysis, an adequate sample size with a p=0.05 and beta=0.10 would be 

51 



aproximately 70 subjects per group. 

Resources 

On previous submission of this proposal, it has been argued that we lack the technical 
expertise in order to complete the electrical studies. Over the past year Dr. Robin Conwit, a 
certified electromyographer who has recently joined the Department of Neurology at Jhon 
Hopkin’s Bayview Medical Center, has been working with us to determine the optimal 
techniquesand to develop a feasible protocol. Note that the same protocol will be used in the 
R&D project Effects of Age and Strength Training OE Muscle Strength, Body 
Composition, and Health Status. Dr. Conwit has been subcontracted by the University of 
Maryland for these studies. That connection will allow for a direct comparison between 
treatment groups in the R&D contract and the BLSA sublects regarding neuromuscular 
functions. 

Technical support has been arranged with Dr. W. Brown of Tufts University, Boston. He has 
agreed to be a collaborator on the project. R. Brown has worked in motor unit estimation for 
more than 20 yeas. He has been one of the developeïs ofthe teclniaiques for the estimation of 
motor units. Dr. Brown supplied us with a program that he has developed for decomposition 
of the motor action potential. Dr. Brown visited us in May 1994 when he reviewed oir plans. 
Drs. Conwit and Metter visited Dr. Brown’s laboratory in July to learn more about applying 
his procedures to the BLSA. Further support is being arranged with Dr. D. Stashuk, 
University of Waterloo, who has written the decomposition program that is being used. Dr. 
Stashuk is a design engineer who has made significant contributions to equipment 
development for motor unit estimation. 

EMG equipment by Advantage Medical Co. has been purchased. The equipment is designed 
to simplify the estimate of motor unit potentials. The research group is working on perfect the 
protocol outlined above for the BLSA application. 
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8.3 Technical Specifications AT-MIO-16 DAQ board (National 
Instruments) 

i 10.0 V 

I 10.0 V 
& 5.0V 
* 2.5 V 
I 1.25V 

Input Characteristics 

5.0 V O tolO.0 V 

i 5.0 V O tolO.0 V 
i 2.5 V Oto 5.0 V 
i 1.25V Oto2.5 v 
i 0.63V 0 to 1-25v 

Number of Channels: 

Type of ADC: 
Resolution: 
Max. Sampling Rate: 
Input signal Range: 

Input Coupling: 
Max. Working Voltage: 
AIGND 
Overvoltage Protection: 
Inputs Protected: 
FIFO Buffer Size: 
Data Transfers: 
DMA Modes: 

Transfer Characteristics 

Relative Accuracy: 
DNL: 

Offset Error 
Nc! Missing Codes: 

Pregain Error after Calibration: 
Pregain Error before Calibration: 
Postgain Error after Calibration: 
Postgain Error before Calibration: 

After Calibration: 
Gain Error (relative to calibration error) 

I6 single-ended or 8 differential, jumper- 
selectable 
Sampling, successive approximation 
12 bits, 1 in 4096 
1 OOkS/s 

Board 
Gain 
(Software 
selectable) 

Board 
Range 
(Jumper 
selectable 

DC 
Each input should remain within 12 V of 

I 35 V powered on, i 20 V powered off 
ACH<O..l5> 
16 samples 
DMA, interrupts, programmed 110 
Demand 

10.9 LSB typical, I 1.5 LSB max. 
10.50 LSB typical, 10.95 LSB max. 
12 bits, guzrmteed 

12.44 pV (-L board) 

11.22 mV max. 
I 85 mV max. 

i 153 pV (-H board) 

0.0244% of reading (240 ppm) max. 
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Before Calibration: 0.85% of reading (8500 ppm) max. 

Gain 

1 
10 

1 O0 

Gain + i with gain error adjusted to O 
at gain = 1 : 0.02% of reading (200 ppm) max. 

CMRR 
DC to 100 Hz 

75 dB 
95 dB 

105 dB 

Amplifier Characteristics 

Gain 20 V Range 

Input Impedance: 
Input Bias Current: 
Input Offset Current: 
CMRR: 

10 V Range 

1 GQ in parallel with 50 pF 
I 25 nA 
I 15nA 

0.10 LSBrms 
0.15 LSBrms 
0.30 LSBrms 

0.20 LSBrms 
0.20 LSBrms 
0.40 LSBrms 

Dynamic Characteristics 

Bandwidth 
Small Signal (-3 dB): 650 kHz @ gain = 1 

Slew Rate: 

Stability 

Recommended Warm-up Time: 
Qnboard Calibration Reference 
Level: 
Temperature Coefficient: 

5 10 
1 O0 
500 

5.0 Vlps 

15 min 

2.5 V -I 10 mV 
10 ppmí "C max. 
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8.4 Technical Specifications of the Advantage EMG system 

Amplifiers (4) 

Fully Isolated 
Input Impedance: 
Sensitivity : 
High Freqaency Filter: 
Low Frequency Filter: 
Notch Filter: 
CMRR: 
Noise: 

Calibration: 

Electrode Impedance Cheek: 
Temperature Measurement: 

Stimulators (2) 

Fully Isolated 
Stimulus output: 

Stimulus duration: 
Repetition Rate: 
Patient Protection: 

Stimulus Monitoring: 

Display 

Display CRT: 
Digital Resolution: 
Number of Colors: 
Graphic Display Controller: 

Vector Drawing Rate: 
Display Memory: 

Data Acquisition 

Resolution: 
Max. Sampling Rate: 
Acquisition Memory: 

>200 Mohmsf25 pF 
2pVldiv to 1 O mV/div in 12 steps 
1 O0 Mz to 15 kHz in 8 steps, 12 dB/octave 
0.5 Hz to 500 Hz in 8 steps, 6 dB/octave 
>30 dB down at 60 Hz 
> 100 dB at 60 Hz 

shorted) 
200 Hz squarewave, 2 pVldiv to 1 O pVldiv in 12 
steps 
1 - 508 kobms 
20.0 - 40.0 "C 

1 pV rms from 2 Hz - 1 O kHz (with inputs 

Constant current output to 100 mA adjustable in 
three ranges 
0.05 to 1 ms in 5 steps 
0.1 -100 Hz including Single Shot Mode 
Overcurrent, overduration and overfrequency, 
with automatic shutdown 
Separate LED bargraph and monitor readouts 

16 inch diagonal anti-glare screen 
1280 x 1024 pixels non-interlaced 
4096 available 
50 MHz TMS 34010,32 bit processor with 
graphics accelerator allowing advanced 
windowing capabilities 
1 O0000 vectorsh allowing true real-time display 
2.5 Mb 

12 bit 
350 H z  throughput to memory 
128 kb dual port RAM 
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Delay Line: 
division 
Signal Trigger: 
Time Base: 

System Architecture 

Central Processor: 
System Memory: 
Mass Storage: 
Hardcopy Device: 
Interfaces : 
External Outputs: 
Keyboard Entry: 

General 

Dimensions: 
Weight : 
Power Supply: 

Power Consumption: 
Patient Safety : 

Options 

Visual Stimulator Module 
Auditory Stimulator Module 

4-channel hardware delay selectable in 1 
increments from O to 10 divisions 
Level or Window discriminator controlled 
1 ms to 100 ms full sweep 

80386 32 bit processor 
5.O.Mb RAM 
44 MS hard disk and 3.5 inch floppy disk drive 
Laserprinter with 3 O0 dots/inch resolution 
Parallel printer port and RS-232 
Amplifiers, Audio and External Trigger 
Enhanced AT-style keyboard 

55" x 30" x 3C" 
250 Ibs (approx.) 
1 10/220 VAC 50/60 Hz with shielded isolation 
transformer 
1 O00 VA (approx.) 
Complies with CSA C22.2 No. 125 and UL 544 
Standards 
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8.5 Electric Scheme of the Custom Build Differential Amplifier 

Burr Brown 
20k 

Input 2 

C=2nF Output == 
’>. 

figure 13: Electric scheme of amplifier 
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