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ABSTRACT 

The human neuromuscular system undergoes substantial reorganization after the 

age of 60 years. Many of these processes have significant functional consequences on 

the ability of old adults to perform normal activities of daily living. This thesis focuses 

on the function of an intrinsic hand muscle, the first dorsal interosseous, which is located 

between the thumb and index fmger and is solely responsible for abduction of the index 

finger about the first metacarpophalangeal joint. The first dorsal interosseous also 

contributes to flexion of the index finger, and is especially important to the precision 

pinch grip. When an individual is instructed to exert a submaximal, constant abduction 

force with the index finger, the force is not constant, but varies about an average value. 

The magnitude of the force fluctuations is greater for old subjects compared with young 

subjects. Previous studies have focused on age-related differences in the size of 

individual motor units as a potential mechanism underlying the reduced steadiness. The 

purpose of this thesis was to examine the effects of agonist antagonist coactivation, motor 

unit discharge variability, and light- and heavy-load strength training on the ability of 

young and old adults to exert steady muscle forces during slow finger movements. The 

results indicate that the recruitment and modulation of the discharge rate of motor units 

changes with age, which contributes to the decline in movement capabilities. 



CHAPTER 1 

THE AGING HUMAN NEUROMUSCULAR SYSTEM 
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INTRODUCTION 

Beyond the sixth decade of life there is a marked decline in movement 

capabilities. Older persons exhibit increases in reaction time (Stelmach et al., 1987), 

declines in reflex responses (Stelmach et al., 1987; Stelmach et al., 1989a), decreases in 

muscle strength and power (Doherty et al., 1993), reductions in postural control 

(Stelmach et al., 1989a; Stelmach et al., 1989b), impairment of bimanual coordination 

(Stelmach et al., 1988), and diminution of precision in tasks involving manual dexterit\-

(Cole, 1991; Cole & Beck, 1993), while the kinematic variability of simple movements 

increases. For example, the velocity profiles during hand abduction and adduction are 

more variable in old compared with young subjects (Morgan et al., 1994), particularly for 

small amplitude movements, and old subjects experience greater difficulty with the 

deceleration phase of a movement (Cooke et al., 1989; Darling et al., 1989). Similarly, 

when subjects lift an object with a precision pinch grip, the grip force is greater and more 

variable for old compared with young subjects (Cole, 1991; Cole & Beck, 1993). 

Human aging is typically accompanied by a loss of muscle mass and a 

concomitant decrease in muscle strength (Larsson & Ansved, 1988; Doherty et al., 1993). 

The muscle atrophy appears to be caused by the death of alpha motor neurons in the 

spinal cord (Campbell et al., 1973; Tomlinson & Irving, 1977) and to preferentially 

involve the motor neurons that innervate the histochemically defined type lib muscle 

fibers (Kadhiresan et al., 1996; Lexell et al., 1988).. Surviving motor neurons, however, 

are able to develop axonal sprouts and to reinnervate some of the abandoned muscle 



fibers (Campbell et al., 1973; Kadhiresan et al., 1996; Kanda & Hashizume, 1989; 

Masakado et al., 1994). The net result of this reorganization is a reduction in the number 

of motor units in a muscle but an increase in the innervation ratio of the motor neurons 

that do remain. 

The Size Principle (Henneman, 1957) is one of the most robust principles in 

neurobiology; it has withstood four decades of rigorous evaluation. It holds that when 

the force exerted by a muscle is graded by voluntary command, the order in which the 

involved motor units are recruited progresses from the smallest to the largest motor 

neuron. In this scheme, differences in motor neuron size, and those properties that 

covary with size, are the major determinants in the spinal cord control of muscle force 

(Binder &. Mendell, 1990). Therefore, disturbances in the relative size of motor units 

within a population, such as the reorganization that occurs with aging, may have 

significant consequences for the ability of humans to perform tasks requiring subtle 

variations in the force exerted by a muscle. 

The purpose of the experiments described in this dissertation was to examine the 

effects of the neural adaptations associated with aging on the ability of old adults to 

perform steady submaximal muscle contractions, with a focus on motor unit behavior 

(Chapters 2, 3 and 4) and the consequences of a training intervention (Chapter 5). This 

introductory chapter provides brief overviews of the current state of knowledge regarding 

the effect of age on skeletal muscle and motor unit properties, the steadiness of muscle 

contractions, and adaptations of the neuromuscular system to training. 



Age-Related Changes in Skeletal Muscle 

While the skeletal muscle in old adults can be characterized by atrophy and 

weakness, there is also a reduction in movement speed and a decline in coordination with 

advancing age. Consequently, old adults experience reduced abilities to perform many 

tasks that are common in the activities of daily living, ranging from locomotion to 

manipulation of small objects. There is frequently a strong association between the 

emergence of these impairments and the loss of muscle strength. 

Muscle Strength 

Muscle strength is commonly assessed in humans by measuring the force exerted 

during an isometric maximum voluntary contraction (MVC), by determining the 

maximum load that can be lifted once (1-RM load), or by recording the peak torque 

achieved during an isokinetic contraction. Most investigators have found that there are 

substantial reductions in muscle strength with age, especially after 60 years of age, and 

the extent of decline varies across muscle groups (Table 1). For example, Larsson and 

colleagues (1979) reported that the MVC force of the knee extensors in men increased up 

to the age of 30 years, remained fairly constant up to the age of 50 years, then declined at 

a rate of about 15% per decade. In contrast, Christ and colleagues (1992) found that the 

strength of ankle plantarflexors and wrist extensors in women was maintained up to the 

age of 65 years. 



TABLE 1. Differences in strength between young and old adults. 

23 

Young Old 

Men Women Men Women 

Isometric Force (N) 

Knee Extensor^ 575 467 386 273 

Elbow Flexor^ 349 194 291 193 

Handgrip 580' 213' 470' 150' 

I-RM Load (k^) 

Knee Extensor' 71 43 42 23 

Elbow Flexor^ 17.5 10.6 12.6 8.7 

Peak Torque (N'tn) 

Knee Extensor' 200 135 120 65 
s 

Elbow Extensor 72® 19' o
 

0
0
 

16' 

Knee Extensor' 
r I 

230 165 175 100 
L 

Elbow Extensor 

00 00 

— 66® — 

Values shown are the mean reported in the study cited. 
1. S and L refer to shortening and lengthening contractions, respectively. 
2. Bohannon, 1997 
3. Graves e/a/., 1999 
4. Bemben e/a/., 1991 
5. Christ e/a/., 1992 
6. Tracy et al.. Submitted 
7. Porter e/a/., 1995 
8. Poulin e/a/., 1992 



Because many activities during daily living involve movements, more attention 

has recently been given to the maximal forces that can be achieved by old adults during 

anisometric contractions. For example, the one-repetition maximum (1-RM) load during 

a bilateral leg press was 21% lower in old men and women compared with young adults 

(Hakkinen et al., 1997). Similarly, it appears that there are similar decrements in peak 

torque exerted during isokinetic shortening contractions for the knee extensor muscles 

(Frontera et al., 1991; Harries & Bassey, 1990; Larsson et al., 1979; Murray et al., 1985; 

Murray et al., 1980; Vandervoort et al., 1990) and the ankle plantarflexor muscles 

(Harridge &. White, 1993). Further, there are reports that strength is compromised to a 

greater extent at higher angvilar velocities compared with low velocities or isometric 

contractions (Harries & Bassey, 1990 Larsson et al., 1979). However, old adults 

experience less of a decline in the peak torque during lengthening contractions performed 

on an isokinetic device. This specificity has been observed for both the elbow and knee 

extensor muscles in men (Porter et al., 1995; Poulin et al., 1992) and the knee extensor 

and flexor muscles in women (Porter et al., 1995; Vandervoort et al., 1990). 

Furthermore, the relative decline in the peak torque during a lengthening contraction is 

less for older women compared with men (Hortobagyi et al., 1995; Porter et al., 1995). 

The decline in muscle strength with age could be associated with many factors 

including muscle fiber loss and atrophy, decreased ability of the central nervous system 

to ma.ximally activate motor units, or changes in the contractile properties of muscle. 



Muscle Mass 

The decline in MVC force appears to be most closely related to the loss of muscle 

mass. For example. Young and colleagues (1984; 1985) observed with ultrasound 

measurements 25-30% reductions in the total cross-sectional area of the knee extensor 

muscles of old (70-79 years) men and women compared with young (21-28 years) 

individuals. Moreover, there was a strong association between the declines in cross-

sectional area and MVC force for the old adults. Similar reductions in muscle mass have 

been shown with CT (Klitgaard et al., 1990a; Overend et al., 1992; Rice et al., 1989) and 

MRI scans (Conley et al., 1995; Roman et al., 1993). In addition to the decrease in 

absolute size of muscles, there are significant increases in the quantity of non-contractile 

tissue (e.g., fat) within the boundaries of muscles in old adults (Inokuchi et al., 1975; 

Overend et al., 1992; Rice et al., 1989). For example, along with a reduction of 35% in 

the average cross-sectional area of the ankle plantarflexor muscles in old men (65-90 

years), Rice and colleagues (Rice et al., 1989) reported an 81% increase in the quantity of 

non-contractile tissue within the triceps surae muscle group. Similarly, Overend and 

colleagues (1992) reported reductions in mass of 27% and 18% and increases in non-

contractile tissue of 59% and 127% in the quadriceps femoris and hamstring muscle 

groups, respectively, in old men (65-77 yrs). 

The age-related reduction in muscle mass is due to both a loss of muscle fibers 

and atrophy of the surviving fibers. Estimates of fiber number have been made fi-om 

whole muscle cross-sections from cadavers (Lexell et al., 1988) and fi-om needle biopsy 

samples (Grimby & Saltin, 1983). These data suggest that the number of fibers per unit 



cross-sectional area reaches a maximum at about age 25 and decreases by about 40% at 

age 80 (Lexell et al., 1988). Similarly, muscle samples obtained with needle biopsies and 

stained with myosin ATPase have shown that after the age of 60 years there is a 

preferential atrophy of histochemically identified type II fibers (Grimby et al., 1982; 

Lexell et al., 1988), without a significant change in the relative proportion of the different 

fiber types (Lexell, 1993). 

Maximality of Activation 

Because the decline in strength with age is typically greater than expected on the 

basis of the loss of muscle mass (Brown et al., 1990; Bruce et al., 1989; IClitgaard et al., 

1989b; Keen et al., 1994; Phillips et al., 1992; Vandervoort 8c McComas, 1986; Young et 

al., 1985), it is important to address whether or not the effort is truly maximal when 

assessing strength. Based on the twitch interpolation technique (Merton, 1954), several 

investigators have found that young and old subjects can at times maximally activate 

ankle extensor and flexor muscles (Kent-Braun & Ng, 1999; Vandervoort & McComas, 

1986) and elbow flexor muscles (Brown et al., 1990; De Serres & Enoka, 1998; Phillips 

et al., 1992). It can be concluded, on the basis of these observations, that the decline in 

strength with age is due to changes in the muscle or its innervation, rather than in the 

maximality of activation. 



Muscle Contractile Properties 

Changes in the time course and peak force of the whole muscle twitch have been 

assessed with electrically evoked contractions in old adults. Consistent with the declines 

in strength, twitch force is reduced and both the contraction time and the one-half 

relaxation time of the twitch are longer in old adults across many muscles: toe extensors 

(Campbell etal., 1973), ankle plantarflexors (Davies & White, 1983; Vandervoort & 

McComas, 1986), ankle dorsiflexors (Cupido et al., 1992; Hicks et al., 1991; 

Vandervoort & McComas, 1986), and intrinsic hand muscles such as first dorsal 

interosseous (Newton & Yemm, 1986), and adductor pollicis (Narici et al., 1991). 

Moreover, there is an age-associated shift in the stimulus frequency-force relationship 

such that there was partial fusion of the tetanic force at lower stimulus frequencies 

(Davies & White, 1983; Narici et al., 1991). 

The slowing of muscle with age may be attributed to changing proportions of type 

I and type II muscle fibers belonging to slow- and fast-contracting motor units, 

respectively. Alternately, the intrinsic contractile properties associated with excitation-

contraction coupling, including the calcium release and reuptake mechanisms and myosin 

heavy chain composition, could contribute to the age-related slowing of muscle. 

Along with the findings that moderate increases of histochemically identified type 

I fiber area proportion occur with age, recent studies employing molecular biology 

techniques have provided evidence that transitional changes in myosin heavy chain 

composition occur in single muscle fibers. For example, Klitgaard and colleagues 

(1990b) found that a single isoform was expressed in the majority of muscle fibers from 



young subjects, while the old subjects exhibited a greater percentage of fibers that co-

expressed the myosin heavy chain isoforms associated with type I and Ila, or lla and lib 

fibers. Further, there was a greater proportion of slow isoforms in muscles from old 

adults compared with young adults. 

It is well-established from studies on animals that the time course of a muscle 

twitch is dependent on the rate of calcium release from and the uptake by the 

sarcoplasmic reticulum (Briggs et al., 1977; Kugelberg & Thomell, 1983). The results 

from the studies that have investigated calcium regulation with age in humans seem to 

indicate that calcium uptake and the quantity of calcium pumps in the sarcoplasmic 

reticulum membrane are reduced with age (Hunter et al., 1999; Klitgaard et al., 1989a). 

Further, the reduced activity of the calcium pumps was associated with slower relaxation 

rates and times in old women (Hunter et al., 1999). 

Effects of Aging on the Motor Unit 

Because the output of the motor system is controlled in terms of motor unit 

activity, there is an interest in determining the association between changes in motor imit 

function and the impairment of activities of daily living. Related studies have generally 

targeted three main areas: signal transmission from the brain to the spinal cord, 

morphological and physiological properties of motor units, and motor unit behavior. 
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Efficacy of Signal Transmission 

There is ample evidence that changes in transmission efficacy over corticospinal 

and reflex pathways and the biophysical properties of motor neurons change with age. 

For example, anatomical studies show that after 60 years of age approximately 40% of 

cortical neurons are lost or nonfunctioning (Henderson et al., 1980). Additionally, there 

is a concurrent but more modest loss of about 25% of spinal motor neurons in old age 

(Gardner, 1940; Kawamura er a/., 1977; Tomlinson«S: Irving, 1977). The functional 

consequences include increases in the absolute latencies of sensory- and motor-evoked 

potentials (Evans & Starr, 1994; Eisen et al., 1996). These changes probably have 

significant consequences for tasks requiring manual dexterity because of the larger area 

of representation of hand muscles in the motor cortex. For example, Corden and Lippold 

(1996) found that the short-latency, but not the long-latency, monosynaptic reflex 

response of first dorsal interosseous muscle was impaired in old adults, and that the 

decrease was not due to changes in the mechanical properties of muscles. Taken 

together, these findings suggest that the efficacy of signal transmission to the motor 

neurons declines with age. 

Similarly, the propagation of electrical potentials along peripheral nerve pathways 

is altered in old adults (MacDonall & Shahani, 1994). Declines in conduction velocity 

(Borg, 1981) and amplitude of action potentials, especially after the fifth decade, have 

been attributed primarily to the loss of large diameter sensory and motor neurons and 

changes in the biophysical properties of motor neurons. For example, aging is associated 

with an increase in input resistance and a decrease in rheobase current of motor neurons 



(Morales et al., 1987). The changes in the biophysical properties of motor neurons are 

known to parallel morphological changes, such as a reduced size of the soma (Engelhardt 

et al., 1989). Further, there is evidence that synaptic transmission along group la afferent 

pathways is less secure in old animals (Boxer et al., 1988) and humans (Morita et al., 

1995), and that there is considerable reorganization occurring in the spinal cord, 

including dendritic arborization and neosynaptogenesis (Ramirez & Ulfhake, 1992), 

which would affect the net synaptic input to motor neurons. Together, these findings 

indicate that the nature of the synaptic drive to motor neurons and the properties of motor 

neurons change with age, either of which would influence the ability to recruit and 

modulate the discharge rate of motor units. 

Morphological Properties 

Motor neurons also change with age, with some dying and others exhibiting 

changes in both their biophysical properties and synaptic processes (Boxer et al., 1988; 

Morales et al., 1987). These remodeling processes occur in concert with changes in the 

stability of the synaptic connections at the neuromuscular junction (Balice-Gordon & 

Lichtman, 1990). The result is a cycle of denervation, collateral sprouting of the axons, 

and reinnervation of some of the surviving muscle fibers. As a consequence, there is a 

decline in the number of motor units innervating a muscle (~3% per year after the age of 

60; Campbell et al., 1973) and an increase in the innervation ratio of the surviving motor 

units (Brown, 1972; Brown et al., 1988; Campbell et al., 1973; Doherty & Brown, 1993; 



Doherty & Brown, 1997; Edstrom & Larsson, 1987; Kanda & Hashizume, 1989; 

Pettigrew & Gardiner, 1987). 

A related consequence of the remodeling process is the emergence of fiber-type 

grouping (Lexell et al., 1986), which occurs because the axonal sprouting is generally 

limited to the territory of the motor unit, thus creating clusters of muscle fibers belonging 

to the same motor unit. When needle electrodes have been used to study the behavior of 

motor units, the enlargement of motor unit territories alters the shapes of the action 

potentials. The potentials in older adults tend to be larger in amplitude (Campbell et al., 

1973; Hayward, 1977; Masakado et al., 1994; Stedberg & Fawcett, 1982), longer in 

duration (Bischoff et al., 1991; Buchthal & Rosenfiack, 1955; Campbell et al., 1973), and 

to have more polyphasic shapes (Mitolo, 1968; Stalberg & Fawcett, 1982). Moreover, 

when macro-EMG techniques have been used, there is a strong positive correlation 

between the amplitude of the motor unit action potential and the recruitment threshold 

(Dengler et al., 1989; Masakado et al., 1994). This is probably due to high-threshold 

motor units consisting of more muscle fibers compared with low-threshold motor units 

(Nandedkar& Stalberg, 1983). 

The increase in the size of motor units causes a concomitant increase in motor 

unit force (Doherty & Brown, 1993; Doherty & Brown, 1997; Kadhiresan etal., 1996; 

Kanda & Hashizume, 1989). For example, Doherty and Brown (1997) stimulated the 

median nerve and reported that the average twitch force of motor units in the thenar 

muscles was 52% larger in old subjects compared with young subjects. Along with the 

increased force of motor units, there is an age-related slowing of contraction (—15%) and 



half-relaxation (~25%) times (Doherty & Brown, 1997), which enables motor units in old 

adults to achieve fused tetanic forces at lower discharge rates. 

Motor Unit Behavior 

The central nervous system uses concurrent recruitment and modulation of the 

discharge rate of motor units to control submaximal muscle forces (Adrian & Bronk, 

1929; Gilson & Mills, 1943). Since the observations of Denny-Brown and Pennybacker 

(1938), it has been held that motor units tend to be recruited in an orderly sequence 

(Desmedt & Godaux, 1977; Milner-Brown et al., 1973; Monster & Chan, 1977; Tanji &. 

Kato, 1973; Thomas et al., 1987; Thomas et al., 1986). Henneman (1957) attributed this 

order to differences in the size of the surface area of the soma and dendrites of individual 

motor neurons, which became the foundation of the "Size Principle". Subsequent studies 

have found that the recruitment order of motor units is also influenced by differences in 

the biophysical properties of motor neurons (Heckman & Binder, 1988) and by variation 

in the distribution of synaptic input (Gustafsson & Pinter, 1985). Taken together, these 

studies suggest that various physiological characteristics can be ascribed to motor units 

based on differences in size. The most common scheme asserts that motor units are 

distributed along a continuum, ranging from small motor units (slow-twitch; type S) that 

tend to produce low forces and be highly resistant to fatigue, to large motor units (fast-

twitch fatiguable; type FF) that exert large forces but are much more easily fatigued 

(Burke et al., 1973). The orderly recruitment of small to large motor units, on a 

continuous distribution of size and physiological properties, allows for a smooth 



gradation of force (Harrison, 1983; Milner-Brown et aL, 1973; Tanji & Kato, 1973), and 

for low-force contractions to be sustained over a long time with minimum fatigue. 

It should be noted, however, that these descriptions of the conditions under wich 

motor units are recruited are largely based on experiments on reduced animal 

preparations. Recently, novel techniques have allowed investigators to reveal some 

notable differences between the associations of the properties of motor units in animals 

compared with humans. For example, in humans there is no correlation between twitch 

force and contraction time for intrinsic hand muscles (Elek et aL, 1992; Thomas et aL, 

1990), toe extensor muscles (Macefield et aL, 1996; Sica & McComas, 1971), long finger 

flexor muscles (Fuglevand et aL, 1999), and nasal dilator muscles (Mateika et aL, 1998). 

Consequently, it has been suggested that direct comparison of animal and human motor 

unit properties may be inappropriate because of interspecies differences in muscle 

fionction and the range of physiological properties (Bigland-Ritchie et aL, 1998). 

The force exerted by a motor unit depends on the rate at which it discharges 

action potentials. This association is characterized by the frequency-force relationship, 

which has a sigmoidal shape (Bigland-Ritchie et aL, 1983; Cooper & Eccles, 1930; 

Fuglevand et aL, 1999; Macefield et aL, 1996; Thomas et aL, 1991) and appears to vary 

across motor unit types (Fuglevand et aL, 1999; Kemell, 1983; Thomas et aL, 1991). 

From measurements of the frequency-force relationship, it is evident that partial fusion of 

twitch forces usually occurs at low stimulation frequencies (5-8 Hz), the greatest rate of 

change in force occurs at discharge rates between 5 and 30 Hz, and the maximum force is 

reached at stimulus rates of 50-120 Hz. 
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Because of technical limitations, much of what we know about the behavior of 

motor units in humans comes from experiments on low-force isometric contractions. 

Under these conditions, it has been established that there is a concurrent increase in 

motor unit recruitment and discharge rate as force is increased (Person & Kudina, 1972). 

However, the precise balance between the recruitment and modulation of discharge rate 

of motor units can vary considerably between muscles. In the biceps brachii and deltoid 

muscles, for example, the recruitment of motor units continues up to about 85% of the 

maximal voluntary force. In contrast, in the first dorsal interosseous and adductor 

pollicis muscles, which are involved in performing manipulative functions which require 

very small incremental changes in force, recruitment continues to about 40% (De Luca et 

al., 1982; Kukulka & Clamann, 1981), with any additional forces produced by increasing 

the discharge rates of the activie motor units. This allows for a finer gradation of force 

during these tasks (De Luca e( al., 1982). 

It is generally agreed that motor units begin to repetitively discharge at rates 

between 5-8 Hz (Macefield et al., 1993; Monster, 1977; Spiegel et al., 1996). Maximal 

discharge rates, however, are much more variable, depending on the muscle. For 

example, the maximum discharge rate is between 35-50 Hz for hand muscles such as first 

dorsal interossous (De Luca et al., 1982; Freund et al., 1975; Kamen et al., 1995), while 

in the quadriceps muscles the maximum discharge rates are 20-30 Hz (Leong et al., 1999; 

Roos et al., 1999). Based on these data, it seems that voluntary commands can activate 

motor units to the upper part of the frequency-force curve, but would have difficulty 

maintaining the discharge rate on the plateau. However, very brief interspike intervals 



(<10 ms) have been reported during sustained maximal contractions (Marsden et ai, 

1983) and at the onset of ballistic movements (Bawa & Calancie, 1983), which 

contributes to an an increase in the rate of tension development (Miller et al., 1981; Van 

Cutsem etal., 1998). 

Although recruitment order is similar under anisometric conditions compared 

with isometric contractions and between shortening and lengthening contractions 

(Thomas et al., 1987), the recruitment threshold, minimum discharge rate, and 

modulation of discharge rate are different. For example, both recruitment threshold and 

discharge rate are different for movement tasks compared with isometric tasks at 

equivalent load torques (Tax et al., 1990a; Tax et al., 1990b; Tax et al., 1989), and that 

these differences even vary among synergist muscles (Tax et al., 1990a). For low 

velocity contractions, the recruitment threshold of motor units in biceps brachii was 

lower during voluntary flexion and extension movements compared with isometric 

contractions (Tax et al., 1989). For the brachialis and brachioradialis muscles, however, 

the recruitment thresholds were higher than during voluntary movements than during 

isometric contractions (Tax et al., 1990a). The initial discharge rate for motor units in all 

three elbow flexor muscles was higher during voluntary flexion movements than during 

isometric contractions, while during voluntary extension movements the initial discharge 

rate was lower than the other two conditions (Tax et al., 1990a). The relative 

contribution of the two force-grading mechanisms, therefore, depended on the task being 

performed. Additionally, the differences in these parameters cannot be explained by 

movement-related afferent signals because the values were similar for isometric 



contractions and imposed (i.e., passive) movements, but were different for voluntary 

movements (Tax et al., 1990b). Consequently, some feature of the descending motor 

command distributed to a motor neuron pool must distinguish between the tasks. 

Two aspects of these differences in motor unit activity are particularly relevant to 

this thesis. First, the gradation of force during movement tasks seems to rely more on 

motor unit recruitment than modulation of discharge rate (Gydikov et al., 1987; Kato et 

al., 1985; Mariani & Maton, 1979; cf. Kossev & Christova, 1998). Most measurements 

during isometric contractions, however, find that variations in submaximal force are due 

to the concurrent use of recruitment and modulation of discharge rate independent of the 

speed (rate of rise of force) of contraction (De Luca et al., 1982; Desmedt & Godaux, 

1979; Person & Kudina, 1972). Second, the control of motor unit activity is different for 

shortening and lengthening contractions. This includes greater EMG at the same muscle 

length during shortening contractions (Andrew, 1985; Moritani et al., 1987; Nardone et 

al., 1989). Additionally, there is greater variance in the exerted force during tracking 

tasks that involve lengthening contractions (Andrew, 1985), which may be due to 

changes in the derecruitment order of motor units (Howell et al., 1995; Nardone et al., 

1989). 

The finding of an increase in motor unit force with age, and the observation that 

movements rely more on the recruitment of motor units to modulate force, suggest that 

the ability to exert steady forces during anisometric contractions is likely impaired in 

older adults. However, the results from the few studies that have examined these issues 

in part are equivocal. For example, because motor unit twitches are prolonged in older 



adults there should be a decrease in discharge rate to achieve the same relative force. At 

isometric forces lower than 20% of maximum, there is a 10-33% decline in the average 

discharge rate of motor units in old adults compared with young adults (Connelly et al., 

1999; Howard et al., 1988; Nelson et al., 1984). For forces greater than 20% MVC, 

however, two studies have found lower discharge rates in old subjects (Borg, 1981; 

Comielly et al., 1999), while Kamen and colleagues (1995) found lower discharge rates 

for the old subjects at 100% MVC force, but not at 50% MVC. It should be noted that 

direct comparison of these studies is difficult because many different techniques were 

used to record and analyze the data. Further, none of these studies assessed the impact of 

differences in the average discharge rate on the performance of a task. 

The Steadiness of Muscle Contractions 

When subjects are asked to maintain a constant isometric force during a 

submaximal contraction, the force is not constant but rather it fluctuates over time. 

Under isometric conditions, these force fluctuations (standard deviation and coefficient of 

variation) are larger in old compared with young subjects (Galganski et al., 1993; Keen et 

al., 1994). Spectral analysis of force records reveal a prominent peak in the force power 

spectrum at 6-12 Hz (Allum et al., 1978; Galganski et al., 1993; Vallbo & Wessberg, 

1993), corresponding to those fluctuations characterized as physiological tremor. It has 

been difficult to identify the underlying mechanisms because there is little consensus on 

the characteristics of physiological tremor (Findley & Gresty, 1981; Freund & Dietz, 

1978), especially in older populations (Elble, 1998). Rather, work in this thesis focuses 



on the phenomenon of force and acceleration fluctuations rather than invoking the 

construct of tremor. 

Four of the likely mechanisms that could contribute to the age-related decline in 

steadiness include: (1) the average force produced by motor units due to an increased 

innervation ratio; (2) the quantity of activity in the agonist or antagonist muscle; (3) the 

amount of motor unit synchronization; and (4) the discharge behavior of motor units. 

The rationale for each mechanism is described in the following sections. 

Motor Unit Size 

Our initial studies suggested that an increase in motor unit size with age might 

contribute to the decline in steadiness. The change in motor unit size is due to the loss of 

motor axons (Brown, 1972; Campbell et al., 1973; Kawamura et al., 1977) and the 

subsequent collateral sprouting and reinnervation of some denervated muscle fibers by 

surviving motor neurons, which increases the innervation ratio of low-threshold motor 

units (Jennekens et al., 1971; Swallow, 1966). These anatomical findings were 

confirmed using spike-triggered averaging (Galganski et al., 1993; Keen et al., 1994) and 

electromyographic techniques (Hayward, 1977; Masakado et al., 1994; Stalberg & 

Fawcett, 1982). These studies indicate that the greater fluctuations in force exhibited by 

old adults during isometric contractions could be explained by the unflised contractions 

of the stronger motor units (Allum et al., 1978; Christakos, 1982; Erimaki & Christakos, 

1999; c.f. Wessberg & Kakuda, 1999). However, Keen and colleagues (1994) found that 

while the distribution of peak-to-peak forces of low-threshold motor units did not change 



after four weeks of strength training, the steadiness improved as indicated by a reduction 

in the amplitude of force fluctuations. This suggests that the steadiness of isometric 

contractions can be changed independently from changes in motor unit force. 

Agonist-Antagonist Muscle Interaction 

The possible role of the agonist-antagonist muscle interaction in steadiness is 

based on the finding that slow finger movements are characterized by discontinuities in 

the time course of velocity and acceleration occurring at about 8-10 Hz (Vallbo & 

Wessberg, 1993). These oscillations were modulated by alternating bursts of activity in 

the agonist and antagonist muscles, which varied the acceleration over the duration of the 

movement. Although the motor output may be mediated by proprioceptive feedback 

(Wessberg &. Vallbo, 1995), it was not dependent on the stretch reflex (Wessberg & 

Vallbo, 1996). Such findings suggest that the central nervous system sends a pulsatile 

command to the motor neurons, which is expressed as biphasic motor output during 

anisometric contractions. Additionally, an early study by Lippold and colleagues (1957) 

and recent computer simulations performed by Timmer and colleagues (1998) 

demonstrated that enhanced physiological tremor during isometric contractions was the 

result of the resonant behavior of the mechanical system and synchronous 

electromyographic activity of the involved synergist muscles. Further, Mori (1973) 

found that the discharge of simultaneously active motor units in the soleus muscle during 

quiet standing tended to cluster and produced a bursting pattern that was phase-locked to 

the oscillations in force. Similarly, Elble and Randall (1976) demonstrated strong 
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coherence between the tremor and surface electromyographic power spectruras of the 

common finger extensor muscle. 

Consistent with a role for oscillatory motor output in the decline in steadiness, 

Spiegel and colleagues (1996) found that old adults used greater and more variable 

antagonist muscle activation during isometric contractions, especially during ramp-

decreases in force. In contrast, Burnett and colleagues (1998) found that the reduced 

steadiness exhibited by old adults performing isometric contractions with the first dorsal 

interosseous muscle did not appear to be attributable to differences in the level of 

activation of the agonist of antagonist muscles. However, when the old subjects 

performed anisometric contractions, there was increased coactivation of second palmar 

interosseous, which was associated with reduced steadiness compared with young 

subjects. Such findings suggest that altered recruitment patterns, coupled with increased 

antagonist activation may contribute to the age-related decline in steadiness. 

Motor Unit Synchronization 

Another mechanism that might influence steadiness is motor unit synchronization. 

Taylor (1962) proposed that steady forces would be achieved if the discharge rates of 

active motor units were below their twitch fusion fi-equencies in a pattern where the 

discharges of different motor units rotated, with a complete absence of synchronization. 

Others have found that the level of motor unit synchronization during isometric 

contractions was correlated with the amplitude of force fluctuations and that the 

fi-equency of the oscillations was associated with the discharge rate of the synchronized 



motor units (Baker et al., 1999; Dietz et al., 1976; Elble & Randall, 1976; Erimaki & 

Christakos, 1999; Halliday et al., 1999; Mori, 1973; c.f. Semmler & Nordstrom, 1998). 

This association between motor unit synchronization and force fluctuations was evident 

across a range of recruitment thresholds and discharge rates, with the strongest 

correlation occurring when motor units discharged at the lowest rates. Similarly, 

computer simulations by Yao and colleagues (2000) found that the magnitude of force 

fluctuations during isometric contractions increased with imposed levels of motor unit 

synchronization. Moreover, the amount of synchronization was positively correlated 

with the coefficient of variation of the discharge rate of the active motor units. These 

results suggest that changes in motor unit synchronization could contribute to the 

steadiness of an isometric muscle contraction. However, Semmler and colleagues (1999) 

found that the level of synchronization between pairs of motor units in first dorsal 

interosseous during low-force isometric contractions was not different between young 

and old adults. The role of motor unit synchronization in the steadiness of anisometric 

contractions remains unresolved. 

Motor Unit Discharge Behavior 

During a voluntary contraction, motor commands are translated into muscle force 

by the concurrent processes of motor unit recruitment and modulation of the discharge 

rate of the active motor imits. As noted previously, the maimer in which motor units are 

recruited is based on the Size Principle. However, the basic characteristics of discharge 

patterns are more complex, including the location on the frequency-force curve, the shape 



of the distribution of interspike intervals and the temporal relationship between 

successive discharges. The variability of interspike intervals is caused primarily by 

unstable fluctuations in the motor neuron membrane potential and depends on the average 

discharge rate. That is, at low discharge rates the standard deviation of the interspike 

intervals is greater compared with higher discharge rates (Person & Kudina, 1972). Thus, 

if the most recently recruited motor unit discharges at irregular intervals, the force profile 

will be more variable than when the motor unit discharges at a regular rate. 

Although the variability of discharge rate during isometric contractions is not 

substantially affected by age (Galganski et al., 1993; Keen et al., 1994), there are some 

examples of unusual discharge behavior. Exceptions to orderly derecruitment have been 

reported in older subjects performing ramp isometric contractions (Kamen & De Luca, 

1989; Nelson et al., 1983; Nelson et al., 1984). Under similar experimental conditions, 

Soderberg and colleagues (Soderberg et al., 1991) found that older subjects had a more 

variable discharge rate than young subjects. A more recent investigation examined 

discharge rate variability in young and old subjects performing isometric contractions 

with the knee extensors at forces from 10% to 100% MVC (Roos et al., 1996). The old 

subjects exhibited greater fluctuations in force during isometric contractions compared 

with young subjects and, as the force increased, the variability of the discharge rate 

increased. Moreover, Erim and colleagues (1999) reported that old subjects exhibited 

decreased common modulation of the discharge rate of motor units compared with young 

subjects during submaximal isometric contractions. 



Adaptations with Training 

Although many performance capabilities decline with age, investigators have 

shown that strength training can attenuate some of the ftmctional losses experienced by 

old adults. There is general agreement that the gains in muscle strength observed with 

physical training are the product of both neural (Semmler & Enoka, In Press) and 

hypertrophic (Kraemer et al., 1996) adaptations of the neuromuscular system. The early 

phase is characterized by rapid gains in strength without any appreciable increase in 

muscle mass (Staron et al., 1994) but with evidence of cross-education of the untrained 

contralateral limb (Ploutz et al., 1994) and reduction of antagonist coactivation (Carolan 

& Cafarelli, 1992; Hakkinen et al., 1998). The precise duration of neural adaptations is 

not well described. Hypertrophic effects, which include those mechanisms contributing 

to increased muscle mass, follow the neural phase. Most researchers agree that muscle 

hypertrophy is evident only after at least four weeks of high-intensity strength training 

(Staron e/fl/., 1994). 

Most studies that have examined the ability of old adults to increase muscle 

strength v^dth exercise have used protocols based on results obtained with young adults 

(McCartney et al., 1995; Morganti et al., 1995). One of the principles to emerge from 

this literature states that the exercise stress must exceed a critical threshold in order to 

elicit an adaptation; for muscle strength, the threshold has been identified as 66% of 

MVC force (McDonagh & Davies, 1984). This concept has been referred to as the 

"overload principle". 



44 

A typical example of this strategy is the study performed by Fromera and 

colleagues (1988) in which the knee extensor and flexor muscles of both legs of 12 men 

(66 ± 2 years) were trained for 12 weeks with a load that was 80% of the maximum load 

that could be lifted once (1-RM load). The subjects trained with 3 sets of 8 repetitions by 

performing knee extension and flexion movements over a 90° range of motion. This 

protocol resulted in an improvement in the 1-RM load of 5% per day such that after 12 

weeks of training the strength (1-RM load) of the knee extensor and flexor muscles had 

increased by over 100% and 200%, respectively. CT scans indicated that these 

substantial increases in strength were accompanied by a modest (11%) increase in the 

cross-sectional area of the involved muscles. The increase in cross-sectional area of the 

muscle fibers was somewhat greater at 34% and 28% for the type 1 and II fibers, 

respectively. 

Similar effects have also been observed in women. Charette and colleagues 

(1991) strength-trained the legs of 13 women (69 ± 1 years) for 12 weeks with a load that 

was 65-75% of 1-RM load. The subjects trained with 7 exercises that involved the hip 

and knee extensor and flexor muscles, and the hip abductor and adductor msucles. They 

performed 3 sets of 6 repetitions of each exercise 3 times per week. The increases in leg 

strength ranged fi-om 28% for the hip and knee extensor muscles to 115% for the knee 

flexor msucles. Biopsies were taken from the vastus lateralis muscle and the 

measurements indicated that the increase in strength did not involve any hypertrophy of 

type I muscle fibers, but there was a 20% increase in the cross-sectional area of the type 

II fibers. Such studies (Charette et al., 1991; Frontera et al., 1988) demonstrate that when 



old adults perform strength-training programs with heavy loads, the results are 

comparable to those achieved with young adults and that the increase in strength can not 

be entirely explained by an increase in muscle size. 

As an alternative to these heavy-load protocols, several groups have examined the 

effects of exercising with light loads. In general, these resxilts have been mixed with 

some groups finding a significant training effect and others not (Agre et al., 1996; 

Almasbakk & Hoff, 1996; Lord et al., 1993; Reinsch et al., 1992). However, light-load 

training that focuses on the control of movement does appear to have some positive 

effects on the performance capabilities of old adults (Almasbakk & Hoff, 1996; Wolf et 

al., 1996). Furthermore, a critical factor in the strength-training protocols that involve 

light loads appears to be the degree of force control required during the performance of 

the task. Owings and Grabiner (1985) conducted a study in which the training program 

focused on exerting a steady force while lifting moderate loads and the effect on muscle 

strength was then measured. In this protocol, subjects were trained 2 times per week for 

4 weeks with a tracking task performed with the knee extensor muscles on an isokinetic 

devise. The target force increased from 15-60% of the peak isokinetic force across 

repetitions within a session. Subjects were required to match the target force throughout 

the range of motion. The subjects improved their ability to match the target force and 

experienced an increased in the peak force exerted during shortening (32%) and 

lengthening (11%) contractions. 

The most compelling evidence, however, that strength gains should be possible by 

training with light loads are the results obtained by Yue and Cole (1992) who had 



subjects perform a 4-week program of imagined maximal contractions of the abductor 

digiti minimi muscle, which abducts the little finger away from the hand. The critical 

feature of this protocol was that subjects had to actively imagine the exercise by 

"vigorously urging" the muscles to contract while not producing any EMG activity. The 

result was a 22% increase in the MVC force of the "trained" muscle, and a 10% increase 

for the contralateral (untrained) hand muscle. However, Herbert and colleagues (1998) 

were unable to replicate these results with the elbow flexor muscles. It seems, therefore, 

that in these types of studies, the previous activity of the muscle undergoing the training 

is critical to the efficacy of the training program. 

These findings suggest that old adults may be able to improve muscle strength by 

training with light loads, provided they focus on exerting a steady muscle force during 

the task. The strength-training benefits of such a strategy have not been examined 

previously. 



Summary 

It is apparent that the decline in movement capabilities with age are associated 

with losses of muscle mass and strength, which are a consequence of the loss of 

functioning motor units. Although collateral sprouting results in some of the surviving 

muscle fibers undergoing reinnervation, the degenerative and regenerative processes in 

the central nervous system seem to alter the activation of the surviving motor units. 

However, there is a substantial body of evidence that the surviving motor units in old 

adults, and possibly more proximal neuronal structures, are capable of adapting in 

response to a strength-training stimulus. Such interventions can likely improve the 

functional capabilities of old adults, which would improve their quality of life and have a 

significant impact on public health. 
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SPECIFIC AIMS AND HYPOTHESES 

There is accumulating evidence that age-related changes in the human 

neuromuscular system have functional consequences, such as a decreased ability to 

perform precise movement tasks, especially those requiring dexterity of the hand. A 

reduced ability to control muscle force is likely to underlie some of the declines that 

accompany advancing age. This thesis examines the effect of age on the ability to exert 

steady muscle forces during movement with three specific aims that focus on the function 

of a hand muscle. 

Aim 1: 

To compare the patterns of activation in the superficial and deep parts of the first 

dorsal interosseous muscle and the amount of coactivation during postural and 

movement tasks in young and old adults. 

Because aging is associated with a decrease in the number of motor neurons and a 

subsequent increase in the territory and homogeneity of motor units, it is unlikely that 

muscles in old individuals exhibit the discrete spatial patterns of activity observed in 

young subjects performing different tasks. To compensate for the loss of the independent 

activation of discrete regions within a multifunctional muscle, old subjects may adopt 

different coactivation strategies to control index finger force and trajectory during 

different tasks. This aim tested the hypothesis that there are differences between young 

and old subjects in the relative activation of deep and superficial regions of first dorsal 



interosseous and in the amount of coactivaction of second pahnar interosseous during 

postural and movement tasks. The experiments decribed in Chapters 2 and 3 used 

surface and intramuscular electromyographic recording techniques to demonstrate that 

the reduced ability of old adults to perform steady muscle contractions was unrelated to 

the amount of coactivation of the antagonist muscle or to differences in the activation of 

the deep and superficial parts of the first dorsal interosseous muscle. 

Aim 2: 

To characterize the effect of age on the discharge of single motor units in first dorsal 

interosseous during low-force shortening and lengthening contractions. 

The well-characterized behavior of motor units during isometric contractions is 

not substantially affected by age. However, motor unit behavior is more variable during 

shortening and lengthening contractions compared with isometric contractions in young 

subjects. Age-related changes in motor unit number, size and force, together with greater 

variability in motor unit behavior during anisometric contractions, may underlie some of 

the decline in movement capabilities that occurs with age. This aim tested the hypothesis 

that, in contrast to isometric conditions, motor unit discharge rate is more variable during 

shortening and lengthening contractions with increasing age. The experiments described 

in Chapter 4 address this issue, and present novel findings that demonstrate a decreased 

ability of old adults to perform steady shortening and lengthening contractions, which 

was associated with greater variability in the discharge rate of motor units. 



Aim 3: 

To compare the effects of light- and heavy-load training on the strength of old adults 

As an alternative to traditional high-intensity strength training, it has been 

demonstrated that light-load training with a focus on the control of movement does 

appear to have some positive effects on the performance capabilities of young and old 

adults. However, the strength-training benefits of such programs have not been 

examined. This aim tested the hypothesis that old subjects using light and heavy loads 

would experience comparable gains in strength, as measured by the increase in maximum 

voluntary force (MVC) and the maximum load that can be lifted once (1-RM load). The 

experiments presented in Chapter 5 demonstrate that old adults can achieve significant 

improvements in the strength and steadiness of a hand muscle when training with light or 

heavy loads. 
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The experiments described in the following chapters examine the effect of age on 

the mechanisms used by the nervous system to control muscle force during movement. 

Because of the importance of manual dexterity in performing everyday activities, these 

projects focus on the fimction of a hand muscle,dorsal interosseous, located 

between the thumb and index finger. This muscle controls abduction of the index finger, 

contributes as a synergist to flexion of the metacarpophalangeal joint of the index finger, 

and is especially important to the pinch grip (Darling et al., 1994). Recruitment of motor 

units is complete by 40% of the force exerted during a maximum voluntary contraction 

(De Luca et al., 1982). The following experiments provide novel information on the 

effect of aging on: (1) the relative activity of deep and superficial regions of the first 

dorsal interosseous muscle and the amount of activity in the antagonist muscle during 

slow movements with the index finger; (2) the behavior of single motor units during low-

force anisometric contractions with the first dorsal interosseous; and (3) the neural 

adaptations to light- and heavy-load strength training of the first dorsal interosseous 

muscle. 



PUBLICATION STATUS OF DATA 

The majority of the data presented in this thesis have been, or are intended to be, 

published in peer-reviewed scientific journals. The results presented in Chapter 2 have 

been accepted for publication in the Journal of Applied Physiology (Burnett et al.. In 

Press). The findings outlined in Chapter 3 are currently in preparation for submission to 

a peer-reviewed journal. The results of the experiments presented in Chapter 4 have been 

accepted for publication in Muscle & Nerve (Laidlaw et al.. In Press). Finally, the data 

discussed in Chapter 5 have been published in the Journal of Applied Physiology 

(Laidlaw et al., 1999). In addition, most of the data presented in this thesis have been 

published previously in abstract form (Laidlaw et al., 1996; Laidlaw et al., 1997; Laidlaw 

et al., 1998) and have been included in review articles (Enoka & Laidlaw, 1998; Enoka et 

al., 2000). 



53 

CHAPTER! 

AGONIST-ANTAGONIST INTERACTION DURING ISOMETRIC 

AND ANISOMETRIC CONTRACTIONS 
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ABSTRACT 

The purpose of the study was to determine the association between steadiness and 

activation of the agonist and antagonist muscles during isometric and anisometric 

contractions. Young (n = 14) and old (n = 15) adults used the first dorsal interosseus 

muscle to perform constant-force and constant-load tasks (2.5%, 5%, 20%, 50%, and 

75% maximum) with the left index finger. Steadiness was quantified as the coefficient of 

variation of force and the standard deviation of acceleration normalized to the load lifted. 

The old adults were less steady at most target forces with isometric contractions (2.5%, 

5%, and 50%) and with most loads during the anisometric contractions (2.5%, 5%, and 

20%). Furthermore, the old adults were less steady when performing lengthening 

contractions (up to 50%) compared with shortening contractions, whereas there was no 

difference for young adults. The reduced steadiness exhibited by the old adults during 

these tasks was not associated with differences in the average level of agonist muscle 

EMG or with coactivation of the antagonist muscle. 
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INTRODUCTION 

Normal aging results in many physiological changes in the neuromuscular system, 

including the loss of motor neurons and the subsequent reorganization of motor unit 

territories (Campbell et al., 1973, Doherty et al., 1994, Masakado et al., 1994). One 

consequence of these adaptations is a decline in the ability to perform simple motor tasks, 

such as exerting a constant force during a submaximal isometric contraction (Galganski 

et al., 1993, Keen et al., 1994). For example, the magnitude of the force fluctuations 

during isometric contractions by a hand muscle is greater for old adults compared with 

young adults (Galganski et al., 1993). Similarly, when using a hand muscle to lift light 

loads while performing a position-tracking task with the index finger, the old adults 

exhibit greater fluctuations in displacement compared with young adults (Laidlaw et al.. 

In Press). Based on such findings, it appears that old adults are less steady than young 

adults when exerting low forces and lifting light loads. 

There are at least two features of the neural drive to muscle that could account for 

differences in the magnitude of the fluctuations in force or acceleration during the 

performance of a task: the characteristics of the most recently recruited motor units 

(Allum et al., 1978, Christakos, 1982, Elble & Randall, 1976) and the relative activation 

of the agonist and antagonist muscles (laizzo Sc. Pozos, 1982, Spiegel et al., 1996, Vallbo 

& Wessberg, 1993, Wessberg & Kakuda, 1999). Because motor units appear to be 

recruited in ascending order of size and initial discharge rates are low, fluctuations in the 

net force are influenced by the discharge behavior of the most recently recruited motor 



units. This effect of the unflised tetani on the force fluctuations is greatest at low forces, 

when the relative contribution of a motor unit to the net force is greatest, and is greater in 

muscles with a narrow recruitment range (Fuglevand et al., 1993), such as occurs with 

the decline in motor unit number with age (Campbell et al., 1973, Doherty et al., 1994). 

Furthermore, adaptations that exaggerate size differences among motor units, such as 

short-term synchronization (Dietz et al., 1976) and the reorganization that occurs with 

aging (Campbell et al., 1973, Doherty et al., 1994, Masakado et al., 1994), magnify the 

force fluctuations by increasing the relative contribution of individual motor units to the 

net force. Alternatively, fluctuations in force and acceleration could be produced by 

alternating activation of the agonist and antagonist muscles (Vallbo & Wessberg, 1993, 

Wessberg & Kakuda, 1999). 

On the basis of these reports on coactivation during slow finger movements 

(Vallbo & Wessberg, 1993, Wessberg & Kakuda, 1999) and heightened coactivation in 

old adults (Spiegel et al., 1996), we hypothesized that the decline in steadiness with 

advancing age is due to enhanced coactivation of the antagonist muscle. The purpose of 

the study was to determine the association between steadiness and activation of the 

agonist and antagonist muscles during submaximal isometric and anisometric 

contractions. Subjects exerted constant forces by performing isometric contractions and 

lifted constant loads with anisometric contractions and the steadiness of each 

performance was compared with the EMG of the agonist and antagonist muscles. Some 

of these results have been presented previously (Burnett et al., 1998, Enoka et al., 2000). 
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METHODS 

Subjects and Test Muscle 

Twenty-nine healthy subjects (15 female, 14 male) participated in the study. The 

subjects were assigned to one of two experimental groups, an old group (n = 15; mean ± 

SE: 74 ± 1.5 years; range: 66-82) and a young group (n = 14; mean: 23 ± 0.9 years; 

range: 19-30). All subjects were right-hand dominant and had no known neuromuscular 

disorders. The Institutional Review Board at the University of Colorado approved the 

experimental procedures, and each subject provided written consent prior to participating 

in the study. 

The muscles tested in this study were the first dorsal interosseous and second 

palmar interosseous (Figure 1). The first dorsal interosseous muscle is located between 

the thumb and index finger and controls abduction of the index finger away from the 

longitudinal axis of the hand. First dorsal interosseous also contributes as a synergist to 

flexion of the metacarpophalangeal joint of the index finger and is especially active 

during the pinch grip (Darling et al., 1994). It is a flat, triangular muscle with two heads 

that are separated by a fibrous arch. The ulnar head arises from the dorsal surface of the 

ulnar border of the first metacarpal whereas the radial head arises from the proximal 

three-quarters of the radial border of the second metacarpal. The common tendon 

attaches to the radial side of the proximal phalanx of the index finger (Eyler &. Markee, 

1954). It is relatively easy to record the electrical activity by means of surface and 

intramuscular electrodes without significant interference from neighboring muscles, and 



to record the abduction force exerted by the index finger due solely to the action of first 

dorsal interosseous (Chao et al., 1989). The first dorsal interosseous muscle is innervated 

by the ulnar nerve and contains 120-130 motor units in normal healthy individuals 

(innervation ratio = 340, motor unit territory = 0.18 mm^; indirect approximation of 

Feinstein et al., 1955; McComas, 1991) under 60 years of age. Recruitment of motor 

units is complete around 40% of maximum force (De Luca et al., 1982). 

The antagonist to FDl is the second palmar interosseous, a small muscle located 

between the second and third fingers, which controls adduction of the index finger 

towards the longitudinal axis of the hand. Second palmar interosseous is a small, 

unipennate muscle arising fi-om the entire length of the ulnar side of the second 

metacarpal with a tendon attaching into the base of the proximal phalanx and aponeurotic 

expansion of the extensor communis tendon to the index finger (Chao et al., 1989). The 

second palmar interosseous muscle is also innervated by the ulnar nerve 



FIGURE 1. Dorsal view of the anatomical locations of the first dorsal interosseous and 

second palmar interosseous muscles on the left hand. 



FIGURE 1. Legend on preceding page. 
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Mechanical Recording 

Each subject sat facing a computer monitor with the left arm abducted and the 

forearm pronated and resting on a platform (Keen et al., 1994). The forearm, hand, and 

fingers were restrained as follows: (1) two velcro straps immobilized the forearm; (2) a 

metal support surrounded the wrist to prevent rotation; (3) a velcro strap held fingers 3-5 

in place; (4) a metal thumb support maintained the thumb at an angle of ~1.0 rad from the 

index finger; (5) an aluminum splint maintained extension of the index finger; and (6) a 

metal brace prevented flexion of the index finger at the metacarpophalangeal joint. 

For the isometric contractions, the left hand was positioned so that the proximal 

interphalangeal joint of the index finger was aligned with a force transducer (Sensotec 

model 13) that monitored the abduction force exerted by the index finger. A low-

sensitivity transducer (0.053 V/N, range 0-220 N) was used to measure forces >35% of 

the maximal voluntary contraction (MVC) force, whereas a more sensitive transducer 

(0.54 V/N, range 0-22 N) was used to monitor forces < 35% of MVC force. For the 

anisometric contractions, the index finger was free to move in the abduction-adduction 

plane. An electrogoniometer (Biometrics KlOO, Penny & Giles) was placed on the dorsal 

surface of the index finger and wrist to measure the angular displacement about the first 

metacarpophalangeal joint. Additionally, an acceleromefer (Endevco 7265A-HS; mass = 

6 g; linear range of acceleration response: ±20 g; frequency response = 0 to 500 Hz) was 

attached to the proximal interphalangeal joint of the index finger to record acceleration in 

the horizontal plane, which corresponded to an abduction-adduction movement. 
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Electrical Recording 

The electromyogram (EMG) of the first dorsal interosseus muscle of the left hand 

was recorded with bipolar surface electrodes (4 mm diameter; silver-silver chloride) 

placed ~10 mm apart on the skin above the belly of the muscle. A similar electrode, 

which served as the reference, was placed over the fifth metacarpal of the same hand. 

A bipolar intramuscular electrode was used to record the EMG of the antagonist 

muscle, second palmar interosseus. The electrode was inserted approximately 2 cm 

proximal to the metacarpophalangeal joint of the index finger. The electrode consisted of 

two Formvar-insulated, stainless-steel wires (50 and 100 (im diameter) that were threaded 

through a 25-gauge disposable needle. The needle was inserted into the muscle and then 

subsequently removed, leaving the wires in the muscle for the duration of the 

experimental session. Insertion of the intramuscular electrode into second palmar 

interosseus was verified by comparing the EMG during separate contractions of the 

second palmar and second dorsal interosseus muscles. Only those recordings showing no 

EMG activity during a maximal contraction of the second dorsal interosseus muscle were 

included in the analysis. Insertion of the electrode into second palmar interosseus was 

successful in 10 young and 9 old adults. A reference electrode (4 mm diameter; silver-

silver chloride) was placed on the styloid process of the ulna. The surface EMG signals 

were amplified (x 1,000-10,000) and band-pass filtered (20-800 Hz). The intramuscular 

EMG signals were amplified (x1,000-10,000) and band-pass filtered (0.1-5 kHz) prior to 

being recorded on a digital tape recorder. 



Experimental Procedures 

Each subject performed four tasks during an experimental session: (1) an 

isometric maximum voluntary contraction (MVC) with the first dorsal interosseus and the 

second palmar interosseus muscles; (2) an anisometricone-repetition maximum (1-RM) 

contraction with the first dorsal interosseous to lift the one-repetition maximum (1-RM) 

load; (3) isometric constant-force contractions; and (4) anisometric constant-load 

contractions. 

Isometric MVC Force. With the index finger abducted 5 deg, subjects performed 

an isometric contraction with the first dorsal interosseus muscle that consisted of a 

gradual increase (~3 s) in abduction force from zero to maximum. The force was held at 

maximum for 2-3 seconds. Subjects were instructed to follow a verbal count for the 

timing of the contraction and performed 2-3 trials until the maximum force exerted for at 

least 2 trials varied by less than 5%. The maximum value was used in the analysis. 

Subjects were given 60 s between trials. The MVC force exerted by the index finger in 

the adduction direction was performed in the same manner with the second palmar 

interosseus muscle. 

1-RM Load. The passive range of motion for the index finger about the 

metacarpophalangeal joint in the abduction-adduction plane was determined (15-25 deg) 

and the displacement signal from the goniometer was displayed on the monitor. Cursors 

were positioned on the monitor to delineate the range of motion. A string attached 
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around the subject's index finger and threaded over a pulley was connected to an inertial 

load that opposed abduction movements. Subjects were instructed to lift and lower the 

load slowly through the range of motion. The load was increased after each repetition 

until the subject could no longer complete the task. The maximal load that could be lifted 

over the complete range of motion was identified as the 1-RM load. Subjects were given 

60 s between each attempt. 

Constant-Force Task. Five target forces (2.5%, 5%, 20%, 50%, and 75% of MVC 

force) were determined for the isometric contractions. The target force and the force 

exerted by the index finger were displayed on the monitor. In a randomized order, 

subjects performed an isometric contraction and exerted an abduction force with the 

index finger to match the target force and were instructed to maintain the force as steady 

as possible for ~15 s. Once the exerted force reached the target, subjects were asked not 

to breathe for the duration of the contraction. This was done to minimize contamination 

of the force record by the respiratory rhythm. Subjects performed one trial at each force 

level and all trials were performed with the index finger abducted by 5 deg. 

Constant-Load Task. Five loads (2.5%, 5%, 20%, 50%, and 75% of 1-RM load) 

were raised and lowered with anisometric contractions. The angular position of the index 

finger was displayed on the monitor along with a triangular displacement template. Each 

subject was instructed to match the template by moving the index finger through the 

range of motion from the initial position (0 deg abducted). The duration of the movement 



was —12 s; that is, 6 s to lift the constant load and 6 s to lower it. Each subject performed 

3 consecutive trials with a load and the order of the five loads was randomized. 

Data Analysis 

All signals monitored during the experiment were recorded on a digital tape 

recorder (Sony PC II6; bandwidth DC to 2.5 kHz). The data were transferred to a 

computer (CED 1401, Cambridge Electronics Design Ltd, Cambridge, UK) and analyzed 

off-line using custom-developed software (Spike2). The sampling rate was 2 kHz for the 

EMG signals and 200 Hz for force, position, and acceleration. 

For the MVC task, the dependent variables for each muscle were the peak force 

and the maximum amplitude of the full-wave rectified EMG (AEMG). The AEMG was 

also measured for a 0.5-s window centered at the peak force. For the constant-force task, 

the dependent variables were the standard deviation of force within a 10-s window, the 

coefficient of variation thefor forcefluctuations (standard deviation/mean • 100), and the 

AEMG for both the first dorsal interosseus and the second palmar interosseus muscles 

within a 2-s window when the abduction force was relatively steady. 

For the constant-load task, the dependent variables were the standard deviation of 

acceleration and the AEMG for first dorsal interosseus and second palmar interosseus 

during the anisometric contractions. The standard deviation of acceleration was 

measured for the middle 4 s of the lifting and lowering phases of the task. The standard 

deviation was normalized to the load that was lifted (m*s"^/kg). The AEMG was 

quantified as both a time course and as an average value for each phase of the trial. The 



AEMG time course was expressed as a set of ~ 150 average amplitudes, one for each 

contiguous 80-ms interval during the task. The average level of EMG during each phase 

was determined from the middle 0.5 s. The AEMG data were normalized to the value 

obtained for each muscle during the MVC task. Each subject performed three trials with 

each load, which were averaged for statistical comparisons. 

The acceleration records from each experimental session were examined with 

spectral analysis to identify the location of peaks in the power density spectrum. This 

was done with fast Fourier transformation (FFT) and a customized commercial software 

package (CED Spike2). For this analysis, the acceleration was sampled at 1,000 Hz. The 

FFT block size was 1024 points corresponding to an approximate bin width of 0.98 Hz. 

Separate spectral analyses were performed on the middle 4 s of the shortening and 

lengthening contractions in each trial. The power spectrum for each phase was derived 

from the average of 7 contiguous data blocks that overlapped by one-half block size. 

Statistical Analysis 

A two-factor analysis of variance (ANOVA) was used to compare the 1-RM load 

and the MVC force between groups (young vj. old) and between genders (men vs. 

women). A three-factor ANOVA with a repeated-measures design (2 factors between 

and 1 factor within) was used to compare the constant-force and constant-load dependent 

variables between groups and genders, across target forces and loads (repeated 

measures), and the interactions. When the gender factor was collapsed within the groups, 

a two-factor ANOVA with a repeated-measures design (1 factor between and 1 factor 



within) was used to compare the dependent variables for the constant-force task between 

groups, across target forces, and the interactions. Similarly, a three-factor ANOVA (1 

factor between and 2 factors within) was used to compare the constant-load dependent 

variables between the groups, across the loads and phases (shortening and lengthening 

contractions), and the interactions. An alpha level of 0.05 was chosen for all 

comparisons. When significant effects were found, Tukey/Kramer post-hoc tests were 

performed to determine the location of the effect. All results are reported as mean ± SE. 



RESULTS 

The results from this study extended our previous work by examining a greater 

range of forces, by evaluating anisometric contractions, and by assessing the role of 

coactivation as a mechanism that could contribute to the decline in performance with age. 

We found that the old adults were less steady than the young adults when performing 

submaximal isometric and anisometric contractions with the first dorsal interosseous 

muscle and that the old subjects, but not the young subjects, were less steady when 

performing lengthening contractions compared with shortening contractions. Although 

the old adults tended to coactivate the antagonist muscle more of^en during these tasks, 

there were no associations between the difference in steadiness and the amount or the 

pattern of coactivation. 

Isometric Steadiness 

The MVC force was not statistically different for the old and young subjects or 

between men and women (Table 2). Additionally, there were no significant differences 

between group or gender for the AEMG of the agonist (first dorsal interosseus) or 

antagonist (second palmar interosseus) muscles during the MVC task (Table 2). 
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TABLE 2. Strength characteristics of the subjects by age group and gender. 

MVC Force (N) MVC AEMG (mV) 1 -RM Load (N) 

FDI' SPI^ 

Old 34.7 (2.0) 0.35 (0.05) 0.19(0.04) 12.9(1.3) 

Men (n=8) 37.9 (2.6) 0.38 (0.08) 0.24 (0.05) 13.2 (2.3) 

Women (n=7) 31.0(2.5) 0.33 (0.05) 0.15(0.07) 12.5(1.2) 

Young 

Men (n=5) 

Women (n=9) 

32.0 (3.2) 

38.2 (5.8) 

27.1 (2.6) 

0.66 (0.06) 

0.78 (0.10) 

0.58 (0.08) 

0.15(0.03) 

0.24 (0.03) 

0.12(0.05) 

16.3 (1.5) 

20.4 (2.4)* 

13.2 (0.9) 

Data presented as group means (SE). 
' AEMG for first dorsal interosseus (FDI) was obtained in 14 young and 15 old adults. 
" AEMG for second palmar interosseus (SPI) was obtained in 10 young and 9 old adults. 
* p < 0.05 compared with young women, old men, and old women 



Representative records from a young and an old subject performing the constant-

force task, which involved an isometric contraction, are shown in Figures 2A and 2C, 

respectively. The fluctuations in force were quantified as the standard deviation (SD) and 

as the coefficient of variation (CV). There was no effect of gender within the young or 

old groups on any of the measures of steadiness (CV: gender main effect, p = 0.62; age x 

gender x force interaction, p = 0.76) or muscle activity (FDI: gender main effect, p = 

0.98; age x gender x force interaction, p = 0.89; SPI: gender main effect, p = 0.74; age x 

gender x force interaction, p = 0.54) during the isometric contractions. Therefore, for 

subsequent analyses the data were collapsed across gender for both the young and old 

subjects. 

The standard deviation of the force fluctuations increased as a function of target 

force for both the old and young subjects (Table 3; Young: SD = 0.024 • force + 0.01, iT 

= 0.86; Old: SD = 0.032 • force + 0.073, r^ = 0.47). The standard deviations at the 2.5%, 

5%, and 50% target forces were greater for the old subjects compared with the young 

subjects. Post-hoc analyses indicated that the standard deviations at the 2.5%, 5%, and 

20% target forces were significantly lower than at the 50% and 75% target forces for both 

groups. Furthermore, the standard deviation at the 50% force was lower than that at the 

75% force for the young subjects. Similarly, the coefficient of variation of the force 

during the 2.5%, 5%, 50%, and 75% contractions were greater for the old subjects 

compared with the young subjects. Post-hoc tests indicated that the coefficients of 

variation for the old subjects at the 2.5% and 5% forces were greater than at the 20%, 



50%, and 75% forces. For the young subjects, the coefficient of variation at the 2.5% 

force was greater than at the 20%, 50%, and 75% forces. 



FIGURE 2. Representative performances by a young (A and B) and an old subject (C 

and D) during the isometric constant-force (A and C) and anisometric constant-load (B 

and D) tasks. A and C, Isometric contractions at a target force of 75% MVC. Upper 

trace, rectified and filtered EMG for second palmar interosseus; middle trace, rectified 

and filtered EMG for first dorsal interosseus; Lower trace, abduction force exerted by ±e 

index finger. 5andD, Anisometric contractions with a load of 75% of 1-RM. Upper 

traces, rectified and filtered EMG for second palmar interosseus and first palmar 

interosseus muscles, respectively; Lower traces, acceleration of the index finger in the 

abduction-adduction plane and index finger displacement, respectively . 



FIGURE 2. Legend on preceding page 



The AEMG for first dorsal interosseus increased linearly as a fimction of target 

force for both groups (Young: AEMG = 0.93 • force + 2.49, r^ = 0.72; Old: AEMG = 

0.80 • force + 6.69, ̂  - 0.68). The relative amplitude of the AEMG for first dorsal 

interosseus was similar for the two groups of subjects at each target force, except at the 

two lowest forces (Table 3). Post-hoc comparisons indicated that the AEMG for first 

dorsal interosseus was greater at the 50% and 75% target forces than at the 2.5%, 5%, 

and 20% forces for the old subjects. For the young subjects, the AEMG was significantly 

different between all target forces except for the comparisons between 2.5% and 5%, and 

between 5% and 20%. 

The AEMG for second palmar interosseus also increased as a function of target 

force for both groups of subjects, although at a much lower rate and with more variability 

compared with the AEMG for first dorsal interosseus (Young: AEMG = 0.18 • force + 

3.55, r" = 0.36; Old: AEMG = 0.25 • force + 7.50, r^ = 0.25). There were no significant 

differences between the old and young subjects in the AEMG for second palmar 

interosseus across all target forces (Table 3). However, there were differences within the 

groups as a function of target force. Post-hoc analysis indicated that the AEMG 

amplitudes for second palmar interosseus at the 2.5%, 5%, 20%, and 50% forces for both 

the old and the young subjects were significantly less than that for the 75% force. 
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TABLE 3. The force fluctuations and the AEMG of first dorsal interosseus (FDI) and 

second palmar interosseus (SPI) during the isometric constant-force task. 

Force Fluctuations AEMG (% MVC) 

Target Standard Coefficient of 
Force Deviation (N) Variation (%) 

Old 

2.5% 0.10(0.02)" 9.60(1.26)'^ 6.96(1.07)*" 7.73 (2.30) 

5% 0.15(0.02)** 8.36(1.25)*^ 11.1 (1.47)*" 8.00 (2.27} 

20% 0.20 (0.02)^ 2.76 (0.25) 22.0 (2.08)* 13.8(4.91)' 

50% 0.67 (0.06)' 3.99 (0.46)* 53.1 (5.30) 17.0 (3.31)-

75% 0.92(0.13) 4.01 (0.66)* 61.3 (6.79) 28.9 (5.67) 

Young 

2.5% 0.03 (0.01)^ 4.06 (0.46)^ 3.95 (0.67)^* 4.06 (0.98) 

5% 0.06(0.01)* 3.47 (0.37) 6.53 (0.75)^ 3.61 (0.96)' 

20% 0.16(0.03)* 2.45 (0.35) 19.8 (2.20)- 6.87(1.19)' 

50% 0.44 (0.05)^ 2.72 (0.29) 53.1 (6.34)5 13.3 (3.01)' 

75% 0.61 (0.09) 2.48 (0.22) 69.7 (7.32) 16.2 (3.87) 

Data presented as group means (SE). 
* p < 0.05 compared with young, 
t p<0.05 compared with 20%, 50% and 75%. 
X p<0.05 compared with 50% and 75%. 
^ p<0.05 compared with 75%. 



Anisometric Steadiness 

As with MVC force, there was no difference between the two age groups for 1-

RM load (p = 0.09). However, a two-factor ANOVA (age x gender) indicated that the 

young men had significantly greater 1-RM values compared with the young women and 

both the old men and women (Table 2). In contrast, there was no effect of gender within 

either age group on the normalized acceleration fluctuations (gender main effect, p = 

0.23; age x gender x load x phase interaction, p = 0.46) or muscle activity (FDI: gender 

main effect, p = 0.34; age x gender x load x phase interaction, p = 0.79; SPI: gender main 

effect, p = 0.75; age x gender x load x phase interaction, p = 1.0) during the constant-load 

task. Therefore, for all subsequent analyses the data were collapsed across gender for 

both the young and old subjects. 

Representative records from a young and an old subject performing the constant-

load task with anisometric contractions are shown in Figures 2B and 2D, respectively. 

The steadiness with which subjects could lift and lower submaximal loads was quantified 

as the standard deviation of acceleration relative to the load that was lifted. As with the 

coefficient of variation for the constant-force task, the normalized standard deviation of 

acceleration declined as a function of load for both groups of subjects (Table 4). For both 

groups of subjects, the normalized acceleration fluctuations during the shortening and 

lengthening contractions were greater with the 2.5% load and the 5% load compared with 

the respective higher loads. The old subjects had significantly greater normalized 

acceleration fluctuations than the young subjects for both the shortening (lifting the load) 

and lengthening (lowering the load) contractions with the three lightest loads (2.5%, 5%, 



and 20%) and during the lengthening contractions with the 50% load. Furthermore, the 

old subjects were less steady when performing the lengthening contractions compared 

with the shortening contractions with every load except 75%. Conversely, the young 

subjects were less steady with the shortening contractions compared with the lengthening 

contractions with both the 50% and 75% loads. 
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TABLE 4. The normalized standard deviation of acceleration (m*s*^/kg) during the 

anisometric constant-load task. 

Young Old 

Load Shortening Lengthening Shortening Lengthening 

2.5% 2.34 (0.24)* 2.68 (0.29)- 4.52 (0.87)" 7.44 (0.97)'^* 

5% 1.17(0.14)5 1.34(0.15)5 2.24 (G.44)'5 3.68 (0.56)*^5 

20% 0.23 (0.02) 0.29 (0.05) 0.43 (0.07)* 0.74 (0.12)*' 

50% 0.13 (0.01) 0.09 (0.01)^ 0.18(0.03) 0.25 (0.04)*^ 

75% 0.10(0.01) 0.07 (0.01)^ 0.11(0.02) 0.12(0.02) 

Data presented as group means (SE). 
* p < 0.05 compared with young, 
t p<0.05 compared with shortening. 
{ p<0.05 compared with 5%, 20%, 50%, and 75%. 
§ p<0.05 compared with 20%, 50%, and 75%. 



To assess the EMG activities of the first dorsal interosseous and second palmar 

interosseous muscles during the anisometric contractions, we used two approaches. First, 

the average EMG amplitudes (normalized to the AEMG obtained during the MVC task) 

were determined for 150 consecutive epochs and during the middle 0.5s of the shortening 

and lengthening contractions. Second, we examined the experimental records on a 

magnified time scale (I-s duration) to determine whether the pattern of activation was 

characterized by alternating bursts of the first dorsal and second palmar interosseous 

muscles. 

Average EMG Amplitude. The ensemble AEMG activity for the agonist muscle 

(fu-st dorsal interosseus) during the constant-load task involved a progressive increase in 

the amplitude during the shortening contraction and a progressive decrease during the 

lengthening contraction (Figure 3). The amplitude of the AEMG for first dorsal 

interosseous at the transition fi-om the shortening to the lengthening contraction increased 

as a function of load. For the antagonist muscle (second palmar interosseus), the AEMG 

was relatively constant during the lifting of the load but increased gradually when the 

load was lowered by a lengthening contraction of first dorsal interosseus. These average 

patterns were consistent in the young subjects across all loads. In the group of old 

subjects, however, the amplitudes of the activation patterns of the first dorsal interosseous 

muscle were more variable, as shown by the amplitude of the standard error bars in 

Figure 3. For example, the average normalized AEMG for the first dorsal interosseous in 

the old subjects lifting the 2.5% load reached approximately 50% at the transition from 
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the shortening to the lengthening contraction. This was due, primarily, to two old 

subjects whose AEMG amplitudes peaked at 78% and 149%, respectively, while the 

range of peaks was 19% to 55% for the other old subjects when lifting the 2.5% load. 

For these two subjects, the peak AEMGs increased as a function of load to 83% and 

170% with the 75% load. These differences were not associated with differences in the 

displacement of the index finger, average velocity of the movement, or the steadiness of 

the contractions. Moreover, the AEMG patterns for the second palmar interosseous 

muscle in those two subjects were not different from the patterns exhibited by the other 

subjects. 



FIGURE 3. Average EMG amplitudes over consecutive 80-ms intervals for the first 

dorsal interosseus (FDI) and the second palmar interosseus (SPI) muscles of the young 

(Jeft) and old {right) subjects during the constant-load task with the 2.5% load. Duration 

is expressed as a percentage of the time for the movement (~12 s). The load was lifted 

with a shortening contraction by first dorsal interosseus for the first 50% of the task and 

lowered with a lengthening contraction by first dorsal interosseus for the second 50% of 

the task. Data shown are group means ± SE. 
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3. Legend on preceding page. 
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FIGURE 4. Average EMG for the agonist (A; first dorsal interosseous [FDI]) and 

antagonist (B; second palmar interosseus [SPI]) muscles of young (OET) and old (••) 

subjects during the middle 0.5 s for the anisometric contractions as a function of load. 

The data for shortening contractions are indicated with circles (O •) euid those for 

lengthening contractions with squares (••). Loads were 2.5%, 5%, 20%, 50%, and 75% 

of the 1-RM load. Data shown are group means ± SE. 
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The average EMG during the middle 0.5 s for the shortening and lengthening 

contractions increased as a function of load for the first dorsal interosseus muscle (Figure 

4A). The AEMG for first dorsal interosseus was less during the lengthening contraction 

compared with the shortening contraction for both groups of subjects (Figures 2 and 4A). 

The AEMG for the first dorsal interosseus muscle was greater for the old subjects 

compared with the young subjects for the shortening and lengthening contractions with 

the 2.5% and 5% loads. The old subjects also had greater activation of second palmar 

interosseus than the young subjects during the shortening contractions with the 50% and 

75% loads (Figure 4B). Although the activation of second palmar interosseus at the 

2.5%, 5%, and 20% loads tended to be greater for the old adults, the differences were 

insignificant (2.5%: p = 0.10; 5%: p = 0.07; 20%: p = 0.08). During the lengthening 

contractions, the old adults had greater activation of second palmar interosseus compared 

with the young subjects across all loads. Furthermore, the old subjects activated second 

palmar interosseus more during the lengthening contractions compared with the 

shortening contractions at the 2.5%, 5%, and 50% loads. For the young subjects, the 

AEMG of second palmar interosseus during the lengthening contractions was greater 

than that during the shortening contractions across all loads. 



FIGURE 5. Associations between the normalized standard deviation of acceleration and 

the AEMG of second palmar interosseus (SPI). A, Shortening contractions with the 2.5% 

load. B, Lengthening contractions with the 2.5% load. C, Shortening contractions with 

the 75% load. D, Lengthening contractions with the 75% load. Each data point 

represents the average of three trials for a subject. The AEMG corresponds to the 

average value over the middle 0.5 s of each contraction. 
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FIGURE S. Legend on preceding page. 
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Despite these differences in the time course and magnitude of the AEMG, the 

amount of coactivation for second palmar interosseus was not associated with differences 

in steadiness (Figure 5). With the exception of the lengthening contractions that were 

used to lower light loads (2.5% and 5%; Figure 5B), there was considerable overlap 

between the young and old subjects in the distribution of the normalized standard 

deviation of acceleration (Figure 5). Nonetheless, while some of the old subjects used 

similar levels of coactivation as the young subjects, many coactivated second palmar 

interosseus to a greater extent. For example, compare the distributions for the 75% load 

(Figure 5C and D), which show considerable overlap for the young and old subjects in 

the normalized standard deviation of acceleration (steadiness) but not in the AEMG of 

second palmar interosseus. Although the distributions of standard deviations for the 

light-load lengthening contractions had minimal overlap (Figure 5B), the magnitude of 

the coactivation was similar to that used during the shortening contractions. Based on 

these comparisons, it appears that average levels of coactivation of second palmar 

interosseus did not contribute significantly to the differences in the steadiness of the 

anisometric contractions. 

Patterns of EMG Activity. Although the time course for the AEMG of second 

palmar interosseus was reasonably consistent during the constant-load task (Figure 3), the 

subjects exhibited three distinct patterns (Figure 6). Each subject consistently used a 

selected pattern across all loads. The first strategy involved minimal activation of second 

palmar interosseus during both the shortening and lengthening phases of the contractions 
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(Figure 6A). The young subjects used this strategy most often (8/10 subjects), compared 

with only 1 old subject. The second pattern, which was used by four old subjects and one 

young subject, involved a progressive increase in AEMG for second palmar interosseus 

muscle throughout the contraction (Figure 6B). The third pattern, which was used by 

four old subjects and one young subject, comprised a marked and sustained increase in 

the amplitude of second palmar interosseus at the start of the lengthening phase (Figure 

6C). 



FIGURE 6. Three patterns of muscle activation during shortening and lengthening 

contractions. The AEMG for the agonist (first dorsal interosseus; FDI) and antagonist 

(second palmar interosseus; SPI) muscles of a young subject (A) and two old subjects (B, 

C) performing the constant-load task with a 50% 1-RM load. Each data point represents 

the AEMG of the muscle for an ~80-ms interval. The duration of the shortening (0-50% 

of time) and lengthening (50-100% of time) contractions are represented as a percentage 

of the total movement time. Both the young and the old subjects exhibited these patterns. 
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FIGURE 6. Legend on preceding page. 
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When the EMG records were examined closely, we observed alternating bursts of 

activity in the agonist and antagonist muscles (Figure 7), as has been reported previously 

for slow finger movements (Vallbo & Wessberg, 1993). This pattern of activity was 

found in the records of 5/10 young and 7/9 old subjects and more often during trials with 

the 2.5% and 5% loads than with the higher loads. The greater occurrence of this 

activation pattern in the group of old subjects, however, did not appear to be related to 

differences in the steadiness of the shortening and lengthening contractions. For 

example, the normalized standard deviation of acceleration for the old subjects who 

exhibited the bursting pattern with the 2.5% load during the shortening contractions were 

2.68 ± 0.27 m*s'^/kg compared with 3.49 ± 1.23 m*s'^/kg for those that did not. 

Similarly, for the lengthening contractions with the 2.5% load the normalized standard 

deviation of acceleration was 6.34 ± 0.97 m*s"^/kg compared with 5.39 ± 0.59 m*s'^/kg 

for those subjects who did and did not exhibit the bursting pattern, respectively. 

Moreover, the comparisons for the young subjects and for all subjects pooled revealed the 

same results. Based on these findings, it seems that the occurrence of alternating activity 

in the agonist and antagonist muscles did not contribute to the steadiness of the 

shortening and lengthening contractions. 



FIGURE 7. An example of alternating activity of the first dorsal interosseous and 

second palmar interosseous muscles in an old subject performing a lengthening 

contraction with the 2.5% load. The traces depict, fi*om the top, the full-wave rectified 

EMGs of first dorsal interosseous and second palmar interosseous muscles, acceleration 

of the index finger, and index finger displacement. This pattern of activation was found 

in the experimental records of 5/10 young subjects and 7/9 old subjects, but was not 

related to the steadiness of the shortening and lengthening contractions as indicated by 

the normalized standard deviation of acceleration. 
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Spectral Analysis of Acceleration 

The fluctuations in acceleration were characterized with a spectral analysis 

(Figure 8), which enabled an examination of the frequency composition of the 

acceleration as a function of load, contraction type, and age. Because the integral of a 

power spectrum corresponds to the time-domain variance in the amplitude of the signal 

(laizzo & Pozos, 1982 ,McAuIey et al., 1997), the analysis focused on a qualitative 

comparison of the shapes of the power spectra. Although there was a systematic change 

in the distribution of power with load, the shapes of the power spectra were similar for 

the two types of contractions and there were only minor differences between the two age 

groups. 

In general, the shape of the power spectrum for acceleration comprised either a 

single low-frequency peak (5-12 Hz) or a low-frequency peak in combination with 

elevated power at higher frequencies. The spectra with a single low-frequency peak 

(Figure 8A) were associated with the lightest loads (2.5 and 5%) for the shortening and 

lengthening contractions of both the young and old subjects. There was no difference 

due to age in the frequency at which the peak occurred. As the load increased to 

moderate levels (20 and 50%), an additional peak emerged at intermediate frequencies 

(Figure 8B), again for both contractions and age groups. For five of the old subjects, 

however, this additional peak first appeared when lifting the 5% load. At the highest load 

(75%), the low-frequency peak was usually diminished and accompanied by a broad 

elevation of power at higher frequencies (Figure 8C). 



FIGURE 8. Power density spectra for acceleration during the anisometric 

shortening contractions. A, Power density spectrum for a young subject performing a 

shortening contraction with the 2.5% load. B, Power density spectrum for a young 

subject performing a lengthening contraction with the 20% load. C, Power density 

spectrum for a young subject performing a lengthening contraction with the 75% load. 

The records represent the average of three trials for each load. 
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DISCUSSION 

The main findings were that the old adults were less steady than the young adults 

when exerting low forces and lifting light loads with a hand muscle. The old adults were 

most unsteady when lowering light loads with lengthening contractions. There was no 

association, however, between steadiness and coactivation of the antagonist muscle 

(second palmar interosseus), neither in its average amplitude nor in alternating activation 

of the agonist and antagonist muscles. 

Although we typically find a difference in strength for first dorsal interosseus 

between young and old adults (Galganski et al., 1993, Keen et al., 1994, Laidlaw et al.. 

In Press), there was no difference in MVC force or 1-RM load between the two groups in 

the current study. While most studies report that the muscles of older adults are weaker 

(Hunter et al., 1998), there is substantial variability in motor performance such that some 

old adults are comparable to young adults (Campbell et al., 1973, Kent-Braun & Ng, 

1999, Lynch et al., 1999). The finding of no difference in MVC force or 1-RM load, 

therefore, is probably a consequence of this variability. Nonetheless, the absence of a 

difference in strength underscores the interpretation that differences in steadiness and 

strength are not related. 

Isometric Steadiness 

As we have reported previously (Galganski et al., 1993, Keen et al., 1994), old 

adults have a reduced ability to exert steady abduction forces with the index finger. The 



inability of the old subjects to maintain a steady isometric force was most pronounced at 

the lowest target forces (2.5% and 5% MVC force) but they were also less steady at one 

of the two highest forces (50% MVC force). Although the AEMG for the first dorsal 

interosseus muscle was greater for the old subjects at the two lowest forces, there was no 

difference between the two groups of subjects in the AEMG at the highest forces (Table 

3). Similarly, there were no group differences in the AEMG for second palmar 

interosseus across loads during the isometric contractions (Table 3). Furthermore, the 

AEMG for second palmar interosseus increased as a function of target force, whereas the 

normalized force fluctuations decre^ed. These comparisons suggest that the differences 

in the force fluctuations between the young and old subjects during the constant-force 

task could not be explained by the net muscle activity of the agonist or antagonist 

muscles. 

Anisometric Steadiness 

Old adults were less steady than young adults when lifting submaximal inertial 

loads. These movements were performed slowly and involved a position-matching task 

in which a constant load was lifted with a shortening contraction and lowered with a 

lengthening contraction. Not only were the old adults less steady than the young adults, 

as indicated by the normalized standard deviation of acceleration, but they were also less 

steady when they performed lengthening contractions compared with shortening 

contractions (Table 4). These differences were observed at all loads (2.5%, 5%, 20%, 

and 50% 1-RM) except the 75% load. 
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The greatest differences in steadiness between the young and old subjects during 

the anisometric contractions were for the lightest loads (Table 4). When these light-load 

tasks were performed, the old subjects used greater activation of both the agonist and 

antagonist muscles (Figure 4). Furthermore, coactivation of second palmar interosseus 

during both the shortening and lengthening contractions was greater at all loads for the 

old subjects compared with the young subjects, although not statistically significant 

during the shortening contractions at 2.5%, 5%, and 20% of 1-RM load. Because the 

antagonist muscle exerts a force in the opposite direction to the agonist muscle, the 

quantity of motor unit activity in the agonist muscle must have been greater in the 

presence of coactivation. Accordingly, larger motor units would likely have been 

recruited in the presence of coactivation. Nonetheless, the distributions for standard 

deviation and AEMG for second palmar interosseus (Figure 5) indicated that there was 

no association between steadiness and the average level of coactivation of the antagonist 

muscle during the anisometric contractions. 

Although the differences in steadiness were not related to the average EMG for 

second palmar interosseus, the old subjects did use more coactivation during the 

shortening and lengthening contractions (Figures 3 and 4). For example, 8/9 old subjects 

but only 2/10 young subjects coactivated second palmar interosseus to a significant 

degree during the lengthening contractions (Figure 6). These patterns were consistent for 

a subject across the different trials and loads. Because the average EMG may not be 

sensitive enough to reveal more subtle features of motor unit activity, we inspected the 

trials at a magnified time scale for evidence of bursting behavior. As has been shown 
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previously (Vallbo & Wessberg, 1993), the slow finger movements performed in the 

present study were characterized by alternating bursts of activity of the agonist and 

antagonist muscles. However, we did not observe any qualitative differences between the 

young and old subjects that would explain the differences in steadiness. 

Spectral Analysis of Acceleration 

Examination of the frequency content of movement-related signals, such as 

displacement, acceleration, force, and EMG, has often been used to identify selected 

neurophysiological details of a behavior (Halliday et ai, 1999, Matthews & Muir, 1980, 

McAuley et al., 1997). The most common application has been to study physiological 

and pathological tremor (Deuschl et al., 1996, Elble, 1998). In healthy adults, for 

example, the power density spectrum during the performance of a postural task is 

characterized by a peak power in the frequency range of 8-12 Hz (Elble & Randall, 1976, 

Stiles, 1980). Similarly, when individuals perform isometric contractions, either against 

a rigid restraint or an elastic load, the fluctuations in force are characterized by a peak in 

the power density spectrvmi at 8-12 Hz (Allum et al., 1978, Brown et al., 1997, Joyce & 

Rack, 1974, Matthews & Muir, 1980), and possibly at 20 and 40 Hz (McAuley et al., 

1997). These oscillations are known as physiological and action tremor, respectively 

(Deuschl et al., 1996). Accordingly, whether an individual performs a postural task or an 

action involving an isometric contraction, a prominent peak in the 8-12 Hz band of the 

spectrum is regarded as indicative of tremor (Erimaki & Christakos, 1999, Halliday et ai, 

1999, McAuley et al., 1997). 
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Similarly, the fluctuations in force and acceleration during the tasks examined in 

the current study exhibited a peak in the power density spectrum at 8-12 Hz. This raises 

the question of whether steadiness is simply a more general description of tremor-related 

activity? The spectral data suggest that steadiness and tremor are not manifestations of 

the same mechanism. For example, Vallbo and Wessberg (1993) found that when 

subjects performed slow extension and flexion movements with a finger about the 

metacarpophalangeal joint, the spectra for acceleration were dominated by an 8-10 Hz 

peak. This peak was present in the spectra for all loads that were used, up to about 10% 

MVC, as we found in our study (Figure 8A). The frequency at which the peak occurs in 

physiological tremor, however, decreases as the load on the limb increases (Halliday et 

al., 1999, Stiles, 1980). In contrast, the fluctuations in acceleration included increased 

power in the range of 20-35 Hz when our subjects lifted moderate loads (Figure 8B). 

Furthermore, the amplitude and synmietry of the oscillations is different for tremor and 

slow movements (Baker et al., 1999, Vallbo &, Wessberg, 1993) and there is often little 

association between the magnitude of various tremors and the impairment of functional 

activities (Bain et al., 1993, Bilodeau et al.. In Press, Elble, 1998). 

Mechanisms Contributing to Differences in Steadiness 

When steadiness is quantified as the fluctuations in force or acceleration, old 

adults are often less steady than young adults and lengthening contractions performed by 

old adults are usually less steady than their shortening contractions. The physiological 

mechanisms that could account for these differences in steadiness include the 
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characteristics of the most recently recruited motor units and the relative activation of the 

agonist and antagonist muscles. For the tasks examined in this study, differences in 

steadiness between young and old adults appear to be minimally influenced by the pattern 

of activity in the agonist and antagonist muscles. 

For the isometric contractions, the reduced steadiness in old adults does not 

appear to be caused by either enhanced levels of coactivation or reciprocal activation of 

the antagonist muscle. Furthermore, training-related adaptations suggest that the larger 

force fluctuations exhibited by old adults, at least for low forces, are not attributable to 

the use of motor units with larger peak-to-peak forces (Keen et al., 1994). In contrast, we 

have found a strong association at low forces between the force fluctuations and the 

variability in the discharge rate of motor units (Laidlaw et al.. In Press). At a target force 

of 2.5% MVC, for example, the coefficient of variation for motor unit discharge was 18% 

for young adults and 34% for old adults. Furthermore, simulated variations in short-term 

synchronization among motor units indicated a causative association between discharge 

rate variability and the coefficient of variation of force (Yao et al., 2000). However, it is 

unknown if motor unit discharge is more variable at higher forces, where we found 

differences in steadiness in the current study. 

Similarly for the anisometric contractions, the difference in steadiness between 

the young and old adults does not appear to be attributable to enhanced levels of 

coactivation or differences in alternating activity of the agonist and antagoiust muscles. 

Alternatively, the difference in steadiness of anisometric contractions is likely due to the 

characteristics of the most recently recruited motor units. A comparison of the shortening 
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and lengthening contractions provides some insight into the significant factors. Because 

the lowering of a constant load, which involves a lengthening contraction, is 

accomplished with a reduced level of motor imit activity (Figures 2, 3, and 4A), 

differences in motor unit size and discharge rate would enhance the fluctuations in 

acceleration (Fuglevand et al., 1999). 

When subjects lifted light loads, the average discharge rate of motor units in first 

dorsal interosseus declined from 15.7 Hz for a shortening contraction to 10.5 Hz for the 

subsequent lengthening contraction for young subjects and from 17.0 Hz to 13.3 Hz for 

old subjects (Laidlaw et al.. In Press). Although such reductions in discharge rate would 

cause a significant decline in the fusion of motor unit force, there was no difference in 

steadiness between the shortening and lengthening contractions performed by the young 

subjects. In contrast, there was a strong association between the steadiness of 

anisometric contractions and the coefficient of variation of motor unit discharge (Laidlaw 

et al.. In Press). At a target force of 2.5% MVC, for example, the coefficient of variation 

for tlie old adults was 33% for the shortening contraction and 43% for the lengthening 

contraction, compared with 17% and 20%, respectively, for the young adults. 

Alternatively, the increased size or the decreased number of motor units in first dorsal 

interosseus with advancing age (Galganski et al., 1993, Masakado et al., 1994) could 

increase the fluctuations in acceleration due to a greater relative contribution of 

individual motor units to the net force (Fuglevand et al., 1993). However, we have 

previously found that abolition of the difference in steadiness of isometric contractions 

between young and old adults after 4 weeks of strength training was not associated with 
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changes in the spike-triggered average force of low-threshold motor units (Keen et al., 

1994) or, presumably, with the number of functioning motor units. Taken together, these 

findings suggest that the discharge variability of motor units may be the most significant 

factor contributing to differences in steadiness of submaximal contractions. 

In summary, old adults were less steady with submaximal isometric and 

anisometric contractions with a hand muscle. They were least steady when performing 

lengthening contractions with light loads. These differences in steadiness were not 

associated with differences in the average level of agonist or antagonist EMG or in 

alternating activation of the agonist and antagonist muscles. 



CHAPTERS 

REGIONAL ACTIVATION OF THE FIRST DORSAL 

INTEROSSEOUS MUSCLE DURING SUBMAXIMAL 

CONTRACTIONS 
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ABSTRACT 

The purpose of this study was to compare the patterns of activation in the 

superficial and deep parts of the first dorsal interosseous muscle during postural tasks and 

slow movements with the index finger in young and old adults. The tasks involved 

human subjects activating the first dorsal interosseous muscle with the intent to produce 

either a steady posture or slow, abduction-adduction movements with the index finger 

against submaximal loads (2.5%, 10%, and 35% of maximum). Surface and 

intramuscular electrodes were used to obtain EMG recordings from superficial and deep 

parts of the first dorsal interosseous muscle, respectively. The fluctuations in 

acceleration during the postural and the shortening and lengthening contractions were 

greater for the old subjects compared with young subjects, especially at the lightest load. 

Further, the decrease in steadiness during the postural tasks was associated with 

significant differences in the relative amount of activity detected by the two electrodes in 

the old subjects. In contrast, there were no significant differences between groups in the 

relative amount of activitj' in the deep and superficial regions during the shortening and 

lengthening contractions. The amount of activity of the antagonist muscle was also 

greater for the old subjects compared with the young subjects during both tasks. We 

conclude that the reduced ability of old adults to perform steady muscle contractions with 

the first dorsal interosseous muscle during these tasks was not related to differences in the 

activation of deep and superficial motor units. 
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INTRODUCTION 

Motor units are arranged topographically within certain individual muscles 

(Windhorst et al., 1989), which enables discrete regions to be activated in various tasks. 

This feature, which has been termed "functional compartmentalization" (Loeb, 1985), has 

been demonstrated in human muscles such as biceps brachii (ter Haar Romeny et al., 

1984), first dorsal interosseous (Laidlaw et al., 1994; Zijdewind et al., 1995; Zijdewind et 

al., 1999 ), masseter (McMillan & Harmam, 1992), and triceps brachii (van Groeningen 

& Erkelens, 1994). For example, ter Haar Romeny and colleagues (1984) found that 

there are three classes of motor units within anatomically defined regions of the long 

head of biceps brachii: (1) motor units in the lateral portion that are active only during 

flexion; (2) motor units in the medial portion that are active only during supination; and 

(3) motor units in the middle portion, overlapping the boundaries of flexion and 

supination motor units, that are active during combinations of flexion and supination. 

Increases in the territory and homogeneity of motor units with advancing age 

(Balice-Gordon, 1997) may disrupt the discrete activation of regions within a 

multifunctional muscle such as first dorsal interosseous, which is active in both flexion 

and abduction of the index finger. The first dorsal interosseous muscle has two distinct 

anatomical heads that are separated by a fibrous arch. The ulnar head is deep and arises 

from the dorsal surface of the ulnar border of the first metacarpal whereas the radial head 

is superficial and arises from the proximal three-quarters of the radial border of the 

second metacarpal. A common tendon attaches to the radial side of the proximal phalanx 
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of the index finger (Eyler & Markee, 1954). Although there is no direct experimental 

evidence of differences in the activation of the two heads, it is presumed that the ulnar 

head contributes to flexion of the index finger and that the radial head acts solely to 

abduct the index finger. Moreover, it has been shown that the activation of first dorsal 

interosseous during a submaximal fatiguing contraction was not homogeneous, but varied 

between regions whose activities were detected by different surface and intramuscular 

electrodes (Zijdewind et aL, 1995; Zijdewind et al., 1999). 

The purpose of this study was to compare the patterns of activation in the 

superficial and deep parts of the fust dorsal interosseous muscle during postural tasks and 

slow movements with the index finger in yoimg and old adults. We recorded the 

electromyographic activity of superficial and deep regions of the first dorsal interosseous 

muscle with surface and intramuscular electrodes, respectively. Some of these results 

have been presented previously (Laidlaw et aL, Submitted). 
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METHODS 

Subjects and Test Muscles 

Experiments were performed on the left hand (non-dominant) of 10 young (5 

women, 5 men; mean ± SE: 23.1 ± 0.8 yr.; range: 19-27 yr.) and 10 old (6 women, 4 

men; mean ± SE; 69.3 ± 1.0 yr.; range: 62-76 yr.) subjects with no known neuromuscular 

disorders. The Institutional Review Board at the University of Colorado approved the 

experimental procedures and all subjects gave their informed consent prior to 

participation in the study. 

The muscles tested in this study were the first dorsal interosseous and second 

palmar interosseous. The first dorsal interosseous muscle is located between the thumb 

and index finger and controls abduction of the index finger away from the longitudinal 

axis of the hand. First dorsal interosseous also contributes as a synergist to flexion of the 

metacarpophalangeal joint of the index finger and is especially active during the pinch 

grip (Darling et al., 1994). 

The antagonist to first dorsal interosseous is the second palmar interosseous, 

which is a small muscle located between the second and third fingers that controls 

adduction of the index finger towards the longitudinal axis of the hand. Second palmar 

interosseous is a unipennate muscle arising from the entire length of the ulnar side of the 

second metacarpal with a tendon attaching onto the base of the proximal phalanx and 

aponeurotic expansion of the extensor communis tendon to the index finger (Chao et al., 

1989). 
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Experimental Setup 

The experiments were conducted with each subject seated and facing a video 

display monitor that was positioned 1.2 m away at the level of the subject's eyes. The left 

arm was abducted so that the elbow joint was positioned directly below the shoulder and 

flexed to a right angle, with the hand and forearm prone and resting on a manipulandum 

(Keen et al., 1994). The hand was placed so that the index finger was horizontal and the 

other fingers were flexed around a horizontal grip. The thumb was braced in a horizontal 

position by a restraint that maintained the angle between the first and second metacarpals 

at ~90 deg. A clamp placed against the medial aspect of the wrist and the lateral aspect 

of the hand minimized ulnar and radial deviation of the wrist. Flexion at the phalangeal 

joints was prevented by an aluminum L- shaped splint during the isometric tasks and a 

custom-fitted, semicircular polyvinylchloride splint during the anisometric tasks. These 

restraints were attached to the radial and pahnar aspects of the left index finger. 

Mechanical Recording 

Isometric Contractions. With the hand positioned in the manipulandum so that 

the index finger was abducted to the middle of its range of motion in the abduction-

adduction plane, a force transducer (Sensotec model 13, Columbus, OH, USA) detected 

the abduction force at the proximal interphalangeal joint of the index finger. The 

sensitivity of the force transducer was 0.053 V/N (linear range: 0-220 N). 
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Anisometric Contractions. A low-friction, linear variable differential transducer 

(LVDT; novotechnik, Stuttgart, Germany) was used to detect the abduction-adduction 

displacement of the index finger about the first metacarpophalangeal joint. The LVDT 

was mounted vertically and positioned perpendicular to the proximal interphangeal joint 

when the index finger was abducted to the middle of its range of motion in a horizontal 

plane. The LVDT was attached to a waxed string that was directed over a pulley and 

connected to the finger splint at the proximal interphalangeal joint. The LVDT was 

calibrated for each subject and session over the range of motion. The loads lifted by the 

subjects were suspended from the LVDT. 

A miniature piezoresistive accelerometer (Endevco model 7265A-HS, San Juan 

Capistrano, CA) was attached to the radial surface of a small L-shaped aluminum angle 

adhered to the polyvinylchloride finger splint. The accelerometer detected changes in 

movement velocity in the abduction-adduction plane. The accelerometer weighed 5.9 g, 

had a linear acceleration response up to ± 196.2 m/s^, a linear frequency response from 0 

to 125 Hz, and was insensitive (<5%) to displacements in other directions. 

Electrical Recording 

The surface electromyogram (EMG) of the first dorsal interosseous muscle was 

recorded with bipolar electrodes (4 mm diameter, silver-silver chloride; ~8 mm apart 

center-to-center) that were secured to the skin overlying the muscle. A common 

electrode (4 mm diameter, silver-silver chloride) was placed on the styloid process of the 
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ulna. The surface EMG signals were amplified (1000-10000 times), band-pass filtered 

(20-800 Hz), and displayed on an oscilloscope. 

Intramuscular EMG recordings were made with bipolar intramuscular electrodes 

inserted into the first dorsal interosseous and second palmar interosseous muscles. Each 

electrode consisted of two Formvar-insulated stainless steel wires (100 ^m diameter; 

California Fine Wire, Grover Beach, CA, USA). For each electrode, ~0.5 mm of 

insulation was removed from the recording end of one wire to increase the pickup area of 

tlie electrode. The two wires were threaded through a disposable 27-gauge needle that 

was inserted into the muscle and then removed, leaving the electrode in the muscle. The 

signals from these electrodes were amplified (1,000-10,000 times), band-pass filtered 

(0.02-5 kHz), and displayed on an oscilloscope. 

Experimental Procedures 

Each of the 20 subjects was asked to participate in six tasks in an experiment: (1) 

assessment of isometric strength with maximum voluntary contractions (MVCs); (2) 

performance of the isometric constant-force task; (3) assessment of anisometric strength 

with a one-repetition maximum contraction (1-RM); (4) performance of the position-

holding task; (5) execution of the anisometric position-tracking tasks; and (6) 

reassessment of anisometric strength. 

MVC. The MVC task involved a gradual increase in the abduction force exerted 

by the index finger from baseline to maximum in 3 to 4-s and then sustained at maximum 

for 1 to 2-s. The index finger force was displayed on the monitor. The timing of the task 
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was based on a verbal count given at 1-s intervals, with vigorous encouragement from the 

investigators when the force began to plateau. Each subject performed two MVC trials, 

with subsequent trials performed if the difference in peak force between the first two 

MVCs was >5%. The trial with the highest peak force was chosen for analysis. There 

was a 60 to 90-s rest interval between consecutive trials. 

Constant-Force Task. Each subject was instructed to gradually increase the 

isometric abduction force to the target force displayed on the monitor and to hold the 

force steady at the target force for ~15-s. A single trial was performed at each of three 

submaximal target forces: 5%, 35%, and 65% MVC force. The sensitivity of the force 

display was set relative to the target force level so that the distance from the baseline to 

the target force was 4 vertical divisions on the monitor. 

1 -RM Load. The 1-RM task was performed with the index finger moving 

horizontally through its range of motion in the abduction-adduction plane (20 to 35-deg). 

The load was raised and lowered during 2-s of abduction and 2-s of adduction, 

respectively. A triangular template was displayed on the monitor and each subject was 

given practice trials to become familiar with the timing and amplitude of the movement. 

Each subject was instructed to match the desired finger-displacement template. The load 

applied in the adduction direction was increased in increments of 50-100 g until the load 

could no longer be raised through the complete range of motion. 

Position-Holding Task. A load corresponding to 2.5%, 10%, and 35% of the 1-

RM load was lifted so that the position of the index finger was abducted to the middle of 

its range of motion. The task was to hold this position as steady as possible for ~15-s. 
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Position-Tracking Task. Three trials with each of the three loads and at each of 

two speeds were performed with the index finger moving through the range of motion. 

The subjects raised and lowered the weight during 10-s of abduction and 10-s of 

adduction, respectively. The timing of the shortening and lengthening contractions was 

determined by adjusting the sweep speed of the display monitor. The subjects were 

instructed to match the desired finger-displacement template as closely as possible. The 

order of the sets of trials was the same for all subjects. The subjects performed the 

anisometric contractions with the three loads (2.5%, 10%, and 35%). Muscle activity-

was monitored continuously and the subjects were instructed to completely relax between 

trials. 

Data Analysis 

All data collected during the experiments were recorded and stored in digital 

format (Sony PC 116 DAT recorder; bandwidth DC to 5 kHz) and analyzed off-line using 

the Spike2 data analysis system (Cambridge Electronic Design Ltd., Cambridge, UK) 

with custom-designed software. The index finger force and position data were sampled 

at 208 Hz, while the acceleration and EMG data were sampled at 2084 Hz. Power 

spectral estimates were derived for the acceleration and EMG records during the position-

holding and position-tracking trials. The block size for the fast-Fourier transforms was 

2048 points, which gave a bin size of approximately 1 Hz. To minimize data loss, a 

raised cosine window (Hanning) was applied to each block of data and the power 

spectrum for each trial was computed as the average of overlapping (1024 points) and 
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contiguous data blocks. A total of 19 data blocks were used for the average during the 

15-s position-holding and the 10-s position-tracking trials. 

Dependent variables. The dependent variables for the MVC task were the peak 

force, the average of the full-wave rectified EMG (AEMG) for a 0.5-s window centered 

at the peak force, and the peak AEMG during the trial. The dependent variables for the 

constant-force task were the average force and AEMG in a 5-s window when the force 

was relatively constant. The EMG amplitudes from the isometric contractions were 

normalized to the AEMG during the MVC task. 

For the 1-RMtask, the dependent variables included: (1) 1-RM load; (2) peak 

abduction position; (3) average velocity during the shortening and lengthening 

contractions; (4) AEMG for a 0.5-s window centered at the middle of the range of motion 

in each phase; and (5) peak AEMG during the task. The dependent variables for the 

position-holding task were the standard deviation of acceleration in the abduction-

adduction plane in a 10-s window, the AEMG during the same epoch, and the location 

and amplitude of prominent peaks in the acceleration power spectrum. Similarly, the 

dependent variables for the position-tracking task were: (1) standard deviation of 

acceleration in the abduction-adduction and flexion-extension planes over the duration of 

the shortening or lengthening contraction; (2) the AEMG during a 0.25-s window 

centered at the middle of the range of motion for each phase; (3) the peak AEMG during 

the task; and (4) the location and amplitude of prominent peaks in the power density 

spectrum during each movement phase. 
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Statistical Analysis. A two-factor ANOVA (1 factor between and 1 within) was 

used to compare thedependent variables for the MVC and 1-RM tasks between groups. 

A two-factor analysis of variance with a repeated-measures design (1 factor between and 

1 within) was applied to the constant-force, position-holding, and position-tracking data 

to compare the dependent variables between groups, across forces and loads, and the 

interactions. A three-factor analysis of variance with a repeated-measures design (1 

factor between and 2 within) was applied to the position-tracking data to compare the 

dependent variables between groups, across forces and loads, across contraction types, 

and the interactions. An alpha level of 0.05 was chosen for all initial statistical 

comparisons, with multiple comparisons performed when necessary to determine 

between group and between contraction type differences. Unless stated otherwise, all 

results are reported as mean ± SE. 
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RESULTS 

The main finding of the study was that there were significant differences in the 

amount of activity detected in deep and superficial regions of the first dorsal interosseous 

muscle in subjects performing postural and slow movements with the index finger. 

Furthermore, there were differences in the amount of EMG activity recorded during the 

postural contractions from surface compared with intramuscular electrodes in the old 

subjects, but not the young subjects. In contrast, there were no age-related differences in 

the activation patterns between the two sites during the shortening and lengthening 

contractions. The old adults were less steady than young adults when performing 

submaximal postural and anisometric tasks with the index finger (Figure 9). These 

findings suggest that the neural mechanisms contributing to the decline in steadiness with 

age may be different for postural and movement tasks involving the index finger. 
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FIGURE 9. Representative data from an old subject performing the position-holding (A)  

and position-tracking (B) tasks. In descending order from the top of each panel are traces 

of the rectified EMG from second palmar interosseous, intramuscular recording for first 

dorsal interosseous, surface recording for first dorsal interosseous, acceleration in the 

abduction-adduction plane, and index finger position. 



FIGURE 9. Legend on preceding page. 

120 

B 

I 0.1 mV 

0.5 mV 

0.5 mV 

I ••• >1 >1 ••<<<<«' W'ff" I  2  m / s ^  

1 
10 deg 

2s 

I 0.1 mV 

I 1 mV iii[trfitii''ilEHlmnml 

'U jlhlftitt 

20 deg 



121 

Strength Measures 

MVC Task. The MVC forces were not statistically different for the old and 

young subjects (Table 5, p = 0.35). In both groups, however, the men were stronger than 

the women. Additionally, the absolute surface and intramuscular AEMGs of the first 

dorsal interosseus muscle during the MVC task were greater for the young subjects 

compared with the old subjects. Further, there were no differences between the absolute 

surface and intramuscular AEMGs for either group of subjects. The absolute AEMG for 

the second palmar interosseous muscle during the MVC task was greater for the old 

subjects compared with the young subjects (0.17 ± 0.04 mV old vj. 0.04 ± 0.01 mV 

young, p = 0.04). There was no effect of gender on the AEMG for second palmar 

interosseous during the MVC task. 
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TABLE 5. Strength and AEMG values during the MVC and 1-RM tasks. 

MVC 1-RM 

Force FDIs FDIi SPI Load FDIs FDIi SPI 
• (N) (mV) (mV) (mV) (kg) (mV) (mV) (mV) 

Youn^ 32.7 0.65* 0.63* 0.04* 1.79* 0.75* 0.72* 0.12 
(2.8) (0.08) (0-11) (0.01) (0.13) (0.08) (0.14) (0.04) 

Men 40.6t 0.61* 0.59 0.02 2.03 0.70 0.93 0.08 
(4.4) (0.14) (0.09) (0.01) (0.27) (0.06) (0.25) (0.05) 

Women 26.7 0.68 0.66 0.06 1.63* 0.78 0.58 0.15 
(2.3) (0.10) (0.18) (0.02) (0.08) (0.14) (0.15) (0.05) 

Old 28.6 0.36 0.36 0.17 1.21 0.47 0.35 0.09 
(3.3) (0.07) (0.08) (0.04) (0.10) (0.10) (0.14) (0.03) 

Men 35.2t 0.20 0.38 0.20 1.40 0.60 0.48 0.05 
(3.0) (0.03) (0.06) (0.06) (0.08) (0.18) (0.18) (0.01) 

Women 22.2 0.46 0.34 0.16 1.08 0.38 0.27 0.11 
(1.6) (0.09) (0.13) (0.06) (0.15) (0.12) (0.07) (0.04) 

Data presented as group means (SE). 
FDIs and FDIi refer to the surface and intramuscular recordings, respectively. 
AEMG values shown are the peak during the task. 
* p < 0.05 compared with old. 
t p < 0.05 compared with women. 
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1-RM Task. In contrast with the MVC force, the 1-RM load was greater for the 

young subjects compared with the old subjects (p = 0.002). While there was no 

significant difference in 1-RM load between the young and old men (p = 0.07), the 1-RM 

load for the young women was greater than that for the old women (p = 0.009). The 

young subjects had significantly greater peak AEMG values for first dorsal interosseous 

for both the surface and intramuscular recordings (Table 5). However, there were no 

differences in peak AEMG between the two recording sites for either group. Further, 

when the AEMG values from the middle 0.25-s of the shortening and lengthening 

contractions were normalized to the peak value measured during the 1 -RM task, there 

were no differences between the surface tmd intramuscular AEMGs and no age-related 

differences. For example, during the shortening contraction, the normalized surface 

AEMG was 81.1 ± 2.9% in the young subjects and 78.8 ± 3.1% in the old subjects, while 

the normalized intramuscular AEMGs were 82.7 ± 1.9% and 83.1 ± 2.3% in the young 

and old subjects, respectively. These relationships were similar during the lengthening 

contractions, when the young subjects had AEMGs of 53.4 ± 6.0% for the surface and 

49.6 ± 6.0% for the intramuscular recording, and the old subjects had AEMGs of 46.3 ± 

3.6% for the surface and 50.6 ± 2.4% for the intramuscular recording. For both age 

groups, the surface and intramuscular AEMG values during the shortening contractions 

were greater compared with the lengthening contractions. 

There were no significant differences due to age or gender in the peak amount of 

AEMG for the second dorsal interosseous muscle during the 1-RM task. Moreover, 

when the AEMG values from the middle 0.25-s of the shortening and lengthening 
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contractions were normalized to the peak value measured during the 1-RM task, there 

were no differences between the shortening (46.6 ±7.1% old vs. 45.3 ± 11.3% young) 

and lengthening (61.2 ± 8.4% old vs. 41.5 ± 14.2% young) contractions and no 

differences between the age groups. 

None of these results could be explained by differences in the kinematic 

performance of the 1-RM task. The average displacement of the index finger was 24.3 ± 

1.2 deg for the young subjects and 26.0 ±1.4 deg for the old subjects. Further, the 

average velocity during the shortening contraction was 9.0 ±1.2 deg/s and 10.0 ± 0.9 

deg/s for the young and old subjects, respectively. Similarly, the average velocity during 

the lengthening contraction was 11.0 ± 1.2 deg/s for the young subjects and 12.1 ± 1.1 

deg/s for the old subjects. 

EMG-Force Relationships 

There were no significant differences for either group between the amount of 

EMG activity detected by the surface and intramuscular electrodes during the 

submaximal isometric contractions (Table 6). For both age groups, the absolute surface 

and intramuscular AEMG amplitudes increased linearly as a function of force, up to 

100% MVC. For example, the linear relation for the surface recordings of first dorsal 

interosseus for the young subjects was AEMG = 0.006 • force + 0.003 (r^ = 0.67), 

compared with AEMG = 0.004 • force + 0.009 (r^ = 0.42) for the old subjects. When the 

AEMG was expressed as a percentage of the AEMG during the MVC task, the relative 

amplitude of the surface AEMG was similar for the two groups of subjects at each force. 
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Young Old 

FDIs FDIi SPI FDIs FDIi SPI 

Absolute fmV) 

5% MVC 0.03 0.05 0.01 0.03 0.04 0.01 
(0.01) (0.01) (0.001) (0.01) (0.01) (0.002) 

35% MVC 0.19 0.23 0.01 0.15 0.16 0.02 
(0.03) (0.03) (0.001) (0.03) (0.04) (0.005) 

65% MVC 0.43 0.46 0.02 0.29 0.28 0.06 
(0.05) (0.06) (0.01) (0.05) (0.06) (0.04) 

100% MVC 0.65 0.63 0.04* 0.36 0.40 0.15 
(0.08) (0.10) (0.01) (0.07) (0.08) (0.04) 

Relative f% MVC) • 

5% MVC 4.4 8.4 23.9 6.6(1.3) 8.1 14.1 
(0.4) (1.2) (8.8) (1.4) (8.8) 

35% MVC 32.4 41.6 29.8 39.3 40.3 42.2 
(2.0) (3.6) (8.8) (4.7) (5.0) (32.6) 

65% MVC 71.4 76.6 54.2 71.8 70.2 37.0 
(3.6) (5.5) (17.3) (7.5) (4.6) (13.3) 

Data presented as group means (SE). 
FDIs and FDIi refer to the surface and intramuscular recordings, respectively. 
* p < 0.05 compared with old. 
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Similarly, the linear relation for the intramuscular recordings of first dorsal 

interosseus was AEMG = 0.006 • force 0.03 (r^ = 0.55) for the young subjects 

compared with AEMG = 0.003 • force + 0.02 (r^ = 0.36) for the old subjects. There were 

no significant differences between the young and old subjects in the absolute or relative 

amplitude of the intramuscular AEMG across all forces. However, there were differences 

within the groups as a function of force. Post-hoc comparisons indicated that for the old 

subjects the absolute surface and intramuscular AEMGs for first dorsal interosseus was 

greater at the 65% and 100% MVC forces than at the 5% force, and greater at 100% 

MVC force compared with the 35% force (Table 6). For the young subjects, the absolute 

surface and intramuscular AEMGs were significantly different for all comparisons 

between forces. 

Because the relative amplitudes of the surface and intramuscular recordings of the 

first dorsal interosseous muscle were the same for both age groups, the group data were 

pooled and are shown in Figure 10. There were no differences between the relative 

amounts of EMG activity detected by the surface and intramuscular electrodes. These 

results indicate that the quantity of EMG detected by the surface and intramuscular 

electrodes in the first dorsal interosseous muscle changed in parallel across the constant-

force contractions. 



127 

FIGURE 10. Normalized (% MVC) surface and intramuscular AEMG amplitude of the 

first dorsal interosseous muscle as a fimction of isometric abduction force. Data shown 

(mean ± SE) are pooled from all subjects. There were no differences in the relative 

amount of activity detected by the surface and intramuscular electrodes at any 

submaximal force. 
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FIGURE 10. Legend on preceding page. 
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The absolute AEMG for the intramuscular recordings of the second palmar 

interosseus muscle (Table 6) also increased as a function of force for both groups of 

subjects, although with more variability compared with the AEMG for first dorsal 

interosseus (Young: AEMG = 0.0004 • force — 0.001, r^ = 0.42; Old: AEMG = 0.002 • 

force — 0.02, r^ = 0.35). Consequently, there were no significant differences between the 

old and young subjects in the AEMG for second palmar interosseous across all 

submaximal forces and no differences between forces. 

Postural Steadiness 

A representative record for an old subject performing the position-holding task 

with the index finger is shown in Figure 9A. The steadiness of the contractions during 

these trials was assessed by the standard deviation of acceleration in the abduction-

adduction plane. The standard deviation of acceleration increased linearly as a function 

of load for the young, but not the old subjects (Figure 11 A). The standard deviations 

were greater for the old subjects at the 2.5% (0.07 ± 0.02 m/s^ old vs. 0.03 ± 0.003 m/s^ 

young) and 10% loads (0.07 ± 0.01 m/s^ old vs. 0.03 ± 0.005 m/s~ young), compared with 

the young subjects, but not at the 35% load (0.07 ± 0.01 m/s^ old vs. 0.05 ± 0.005 m/s^ 

young). Post-hoc analyses indicated that the stand^d deviation at the 35% load was 

significantly greater than at the 2.5% and 10% loads for the young subjects. 

When the standard deviation was normalized to the load that was supported, the 

normalized acceleration was greater for the old subjects at each load compared with the 

young subjects (Figure 1 IB). The greatest difference occurred at the 2.5% load (2.34 ± 
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0.49 m«s'^/kg old vs. 0.67 ± 0.06 m*s'^/kg young). Post-hoc tests indicated that, for both 

the young and old subjects, the normalized acceleration at the 2.5% load was greater 

compared with the 10% and 35% loads. 
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FIGURE 11. Measures of steadiness and average EMG activity in the first dorsal 

interosseous during the position-holding trsk. Standard deviation of acceleration (A), and 

normalized acceleration (B) are shown for the young (O) and old (•) subjects. The old 

subjects were less steady with the 2.5% and 10% loads compared with the young 

subjects. The surface (O •) and intramuscular (• •) AEMG levels for the young (O •) 

and old (# •) subjects performing the position-holding task are shown in panel C. The 

relative amplitude of the surface and intramuscular AEMGs were greater for the old 

subjects compared with the young subjects with the 2.5% and 10% loads. While the 

intramuscular AEMG was greater than the surface AEMG at all loads in the old subjects, 

there was no difference between surface and intramuscular AEMGs in the young 

subjects. 
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The AEMG for the surface and mtramuscular recordings of the first dorsal 

interosseus muscle increased linearly as a function of load during the position-holding 

task for both groups of subjects (Figure 1IC). Post-hoc tests indicated that the AEMGs 

for first dorsal interosseus in both age groups were different for all comparisons between 

the different loads. Further, the relative amplitude of the surface AEMG was greater for 

the old subjects compared with young subjects at the 2.5% (9.32 ± 1.31% old vs. 4.90 ± 

0.49% young) and 10% loads (12.16 ± 1.16% old vs. 8.66 ± 0.99% young). Similarly, 

the intramuscular AEMG was greater for the old subjects compared with the young 

subjects at the 2.5% (16.22 ± 2.44% old vs. 6.05 ± 1.01% young), and 10% loads (23.05 

± 3.79% old vs. 9.46 ± 1.31% young). Moreover, while the surface and intramuscular 

AEMGs were not different in the young subjects at any load, the intramuscular AEMG 

was greater than the surface AEMG across all loads for the old subjects. 

The AEMG for the second palmar interosseus muscle was greater at all loads for 

the old subjects compared with the young subjects. Further, there were no differences in 

the AEMG between the loads for the old subjects (2.5% = 7.04 ± 0.79%; 10% = 6.63 ± 

0.64%; 35% = 5.81 ± 1.22%). In conurast, the AEMG for second dorsal interosseus 

increased as a function of load in the young subjects (2.5% = 1.85 ± 0.47%; 10% = 2.35 ± 

0.48%; 35% = 3.30 ± 0.60%). Post-hoc analysis indicated that the antagonist AEMG for 

the young subjects at the 35% load was greater than that at the 2.5% and 10% loads. 

The rectified EMG from the surface and intramuscular recordings of the first 

dorsal interosseous and second palmar interosseous muscles during the position-holding 

task are shown in Figure 12. The surface and intramuscular EMG recordings from the 



first dorsal interosseous muscle were modulated similarly in all subjects, with bursts of 

activity paralleling the fluctuations in acceleration. Further, the activity of first dorsal 

interosseous altemated with that of the second palmar interosseous muscle. 
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FIGURE 12. Activity of the first dorsal interosseous and second palmar interosseous 

muscles were modulated in relation to fluctuations in acceleration of the index finger in 

the abduction-adduction plane. In descending order from the top, the traces from one 

subject depict the rectified EMG from second palmar interosseous, intramuscular 

recording from first dorsal interosseous, surface recording from first dorsal interosseous, 

acceleration (inverted to correlate with EMG), and index finger position. 



FIGURE 12. Legend on preceding page. 
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The fluctuations in acceleration during the position-holding task were 

characterized Avith spectral analysis. Figiure 13 illustrates that, in general, the shape of the 

power spectrum for acceleration comprised a low-frequency peak (5-12 Hz) in 

combination with another peak at around 20-25 Hz. At the 2.5% load, the 20-25 Hz peak 

was usually the most prominent (Figure 13 A). As the load increased, the low-frequency 

peak became narrower and more prominent. Further, at the 35% load (Figure 13C), an 

additional peak at higher frequencies (30-50 Hz) emerged. The characteristics of the 

power spectral density plots were consistent for both the young and old subjects across all 

loads. There were no differences due to age in the frequencies at which the peaks 

occurred. Similarly, the magnitude of the power for the low-frequency peak varied 

considerably between subjects and was not significantly different between the two age 

groups. 
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FIGURE 13. Representative power spectral density plots for a young subject performing 

the position-holding task. Two prominent peaks, at 5-12 Hz and 20-25 Hz, respectively, 

were observed at the 2.5% load (A). The low-frequency peak became narrower in width 

and more prominent at the 10% load (B). When subjects supported the 35% load (C), the 

low-frequency peak was most prominent, and a broad-band higher frequency peak 

emerged. 



FIGURE 13. Legend on preceding page. 
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Anisometric Steadiness 

A representative record for an old subject performing the position-tracking task is 

shown in Figure 9B. There were no differences between groups and across loads for any 

of the kinematic variables during the shortening and lengthening contractions. The 

average velocities across loads were similar for the young {shortening: 2.33 ±0.13 deg/s; 

lengthening: 2.32 ±0.12 deg/s) and old subjects (shortening: 2.57 ±0.13 deg/s; 

lengthening: 2.49 ± 0.28 deg/s). The measures of steadiness for the position-tracking 

task are shown in Figure 14. The old subjects had significantly greater standard 

deviations of acceleration than the young subjects for both the shortening and lengthening 

contractions at all loads (Figure 14A). For example, the standard deviation for the 

shortening contractions for the old subjects at the 2.5% load was 0.26 ± 0.04 m/s^ 

compared with 0.10 ± 0.01 m/s^ for the young subjects. Similarly, the standard deviation 

was 0.26 ± 0.04 m/s^ for the old subjects performing the lengthening contractions at the 

2.5% load compared with 0.12 ± 0.01 m/s^ for the young subjects. Furthermore, the 

standard deviation for the old subjects was greater when performing the lengthening 

contractions compared with the shortening contractions at the 2.5% load. Conversely, the 

standard deviations of acceleration in the young subjects were not different for the 

shortening contractions compared with the lengthening contractions at any of the loads. 

Post-hoc comparisons indicated that the standard deviations for the old subjects for both 

the shortening and lengthening contractions at the 2.5% and 10% loads were greater than 

with the 35% load. There were no differences across loads for the young subjects. 
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When the acceleration was normalized to the load that was lifted (Figure 14B), 

the significant relationships remained the same, except that there were more pronounced 

differences in steadiness between the different loads. For example, the normalized 

standard deviation of acceleration for the old subjects was greater at the 2.5% load than 

the young subjects for both the shortening (6.45 ± 0.64 m*s"^/kg old vs. 2.33 ± 0.39 m*s" 

^/kg, respectively) and lengthening (8.60 ± 1.04 m/s^ vj. 2.83 ± 0.35 m/s^, respectively) 

contractions. Post-hoc analyses revealed that the normalized standard deviation of 

acceleration declined significantly with increasing load for both groups of subjects. 
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FIGURE 14. Absolute (A)  and normalized (B)  standard deviation of acceleration for 

young (O •) and old (• •) subjects during the position-tracking task. The first dorsal 

interosseous muscle performed a shortening contraction (O #) when the load was lifted 

and a lengthening contraction (• •) when the load was lowered. Data shown are group 

means ± SE 
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FIGURE 14. Legend on preceding page. 
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The normalized AEMG for first dorsal interosseous during the 1-RM task, 

increased as a flmction of load for the shortening and lengthening contractions in the 

young and old subjects (Table 7). The AEMG for the surface and intramuscular 

recordings fi-om first dorsal interosseus were less during the lengthening contractions 

compared with the shortening contractions, for both groups of subjects at all loads. Post-

hoc tests determined that this effect was attributable to differences within the young 

subjects for the surface and intramuscular AEMG. For the old subjects, the only 

significant difference between shortening and lengthening contractions was at the 35% 

load. 

When the surface and intramuscular AEMGs for first dorsal interosseous were 

compared during the position-tracking task, there were some notable differences between 

the young and old subjects in the relative amount of activity detected by the two 

electrodes (Table 7). The amount of activity detected by the intramuscular electrodes 

was greater compared with the surface electrodes for the young subjects during the 

shortening and lengthening contractions at the 2.5% and 10% loads, while the differences 

were not significant for the old subjects. For example, the difference between the 

intramuscular and surface AEMGs during the shortening contractions at the 2.5% load 

was 4.5 ± 1.2% (p = 0.005) for the young subjects compared with 5.7 ± 2.6% (p = 0.055) 

for the old subjects. Similarly, during the lengthening contractions at the 2.5% load the 

differences were 3.8 ± 1.1% (p = 0.007) for the young subjects and 3.4 ± 1.6% (p = 

0.061) for the old subjects. 
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However, when comparisons of the differences between surface and 

intramuscular EMG were made between the two age groups, there was no effect of age at 

any load. Moreover, the only comparison to show a significant effect of age was during 

the lengthening contractions at the 2.5% load, where the surface and intramuscular 

AEMGs were greater for the old subjects compared with the young subjects. 
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TABLE 7. Normalized (% peak) AEMG values during the position-tracking task. 

Young Old 

FDIs FDIi SPI FDIs FDIi SPI 

2.5% Load 

Shortening 5.7t| 10.2J 10.lt 9.5 15.2 A\.9*X 
(0.7) (1.7) (2.8) (2.0) (3.5) (15.1) 

Lengthening 3.7t 7.5 22.6 7.7* 11.1» 73.1* 
(0.7) (1.4) (3.1) (1-3) (1.5) (19.1) 

10% Load 
Shortening 9.0tt 16.5t 12.9 13.0 20.1 33.4* 

(1.0) (2.6) (2.6) (2.9) (5.3) (7.5) 
Lengthening 6.6t 12.5 21.7 9.7 13.3 47.8* 

(1.1) (2.4) (4.7) (1.3) (2.1) (10.9) 

35% Load 
Shortening 29.9% 40.9J 18.5 17.7% 33.6t 25.4 

(3.6) (5.2) (4.9) (4.3) (3.5) (6.0) 
Lengthening 17.5 25.8 34.3 18.7 19.4 52.0 

(2.5) (3.7) (13.0) (3.3) (1.7) (20.5) 

Data presented as group means (SE). 
FDIs and FDIi refer to the surface and intramuscular recordings, respectively. 
* p < 0.05 compared with young. 
t p < 0.05 compared with intramuscular 
J p < 0.05 compared with lengthening 
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The old subjects activated the second palmar interosseous muscle to a greater 

extent compared with the young subjects during the shortening and lengthening 

contractions at the 2.5% and 10% loads (Table 7). Furthermore, both the young and old 

subjects activated the second palmar interosseus muscle more during the lengthening 

contractions compared with the shortening contractions at the 2.5% load. There were no 

significant differences between the loads in the amount of second palmar interosseous 

AEMG during the shortening and lengthening contractions for either group. The data 

pooled across loads indicated that the normalized AEMG for the old subjects was 33.6 ± 

5.8% for the shortening contractions and 57.6 ± 9.8% for the lengthening contractions. In 

contrast, the second palmar interosseous AEMGs for the young subjects were 15.7 ± 

2.8% and 28.0 ± 6.9% during the shortening and lengthening contractions, respectively. 

The rectified EMG from the surface and intramuscular recordings of the first 

dorsal interosseous and second palmar interosseous muscles during the position-tracking 

task are shown in Figure 15. As with the position-holding task, the surface and 

intramuscular EMG recordings from the first dorsal interosseous muscle were modulated 

similarly in all subjects, with bursts of activity related to the fluctuations in acceleration. 

However, the alternating activity between the agonist and antagonist muscles was not as 

obvious during the shortening and lengthening contractions, especially with the 10% and 

35% loads. 



FIGURE 15. Activity of the first dorsal interosseous and second palmar interosseous 

muscles in an old subject in relation to fluctuations in acceleration of the index finger 

during slow shortening (A) and lengthening (B) contractions with the 2.5% load. Traces 

are the same format as in Figure 12. 



FIGURE IS. Legend on preceding page. 
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When spectral analyses were performed on the acceleration data for the position-

tracking task, the amount and the regularity of the low-frequency periodicities was 

consistent for a subject across the three trials with each load. The shape of the power 

density spectrum for acceleration during the shortening and lengthening contractions was 

characterized by a single, low-frequency peak at 5-12 Hz (Figure 16A). There were no 

significant differences due to age or load for the frequency at which the dominant peak 

occurred. However, as the load increased, the low-frequency peak tended to become 

narrower, but did not shift to lower frequencies. For example, the peak frequencies were 

6.8 ± 0.4 Hz, 6.1 ± 0.4 Hz, and 5.8 ± 0.3 Hz for the shortening contractions in all subjects 

at the 2.5%, 10% and 35% loads, respectively. Similarly, during the lengthening 

contractions the peaks occurred at 7.5 ±0.4 Hz at the 2.5% load, 7.4 ± 0.4 Hz at the 10% 

load, and 6.2 ± 0.4 Hz at the 35% load. Further, at the 35% load, a broader high-

frequency peak (30-50 Hz) emerged in combination with the dominant low-frequency 

peak (Figure 16C). These characteristics of the power density spectra were evident for 

all subjects. 
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FIGURE 16. Power density spectra of acceleration of the index finger during slow 

shortening and lengthening contractions with the 2.5% (A), 10% (B), and 35% (Q loads. 

Spectra are the averages of three trials. 



FIGURE 16. Legend on preceding page. 
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DISCUSSION 

The main finding in the present study was that there were significant differences 

in the amount of EMG detected in superficial and deep regions of the first dorsal 

interosseous muscle in subjects performing postiual and slow movement tasks with the 

index finger. The old subjects had greater activation of the deep compared with the 

superficial region during the position-holding task, while there were no differences in the 

young subjects. In contrast, the young subjects activated the deep region to a greater 

extent than the superficial region during the shortening and lengthening contractions at 

the 2.5% and 10% loads, while there were no significant differences for the old subjects. 

However, none of the differences in the activation patterns could account for the reduced 

steadiness for the old adults performing the postural and movement tasks. 

Regional Activation of the First Dorsal Interosseous Muscle 

The old subjects in the present study activated the first dorsal interosseous muscle 

during the submaximal contractions with the 2.5% and 10% loads to a greater extent 

compared with the young subjects. This was accompanied by greater coactivation of the 

antagonist muscle, second palmar interosseous. For the position-holding task, the 

intramuscular AEMG was greater than the surface AEMG in the old subjects, but not the 

young subjects (Figure 10). In contrast, during the position-tracking task, there were 

differences in the relative activation of superficial and deep regions of the first dorsal 

interosseous muscle only for the young subjects. However, the steadiness of the 
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contractions during the position-holding and position-tracking tasks was unrelated to the 

measurement of the amount of activation of first dorsal interosseous detected by the 

surface and intramuscular electrodes. 

The most obvious feature of the EMG profiles shown in Figures 12 and 15 is that 

there were alternating bursts of the agonist and antagonist muscles, and that these bursts 

were temporally related to the acceleration and deceleration of the index finger during the 

position-holding and position-tracking tasks. This featiu-e of motor output has been 

reported previously (Vallbo & Wessberg, 1993), and has been demonstrated to occur as 

the result of pulsatile descending command (Vallbo & Wessberg, 1993), and did not 

depend on stretch reflex mechanisms (Wessberg & Vallbo, 1996). Closer examination of 

these records revealed that the bursts detected by the surface and intramuscular electrodes 

were modulated similarly, at the same moments in time. This feature of the EMG records 

was present in all subjects at all loads, although it was most obvious at the lowest load, 

when the bursts were limited to a fewer number of motor units. 

The differences in the relative activation of the deep and superficial regions of the 

first dorsal interosseous muscle during the position-holding and position-tracking tasks is 

a novel finding. There are, however, two other reports of heterogeneous activation of the 

first dorsal interosseous muscle under isometric conditions. Zijdewind and colleagues 

(1995; 1999) used surface and intramuscular electrodes to record muscle activity during 

fatiguing submaximal isometric contractions (50% MVC) and found that changes in the 

EMG with fatigue were often different between electrodes placed in different locations. 

They concluded that the different distributions of activity within the first dorsal 
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interosseous muscle may be due to motor units exhibiting different "task affinities", a 

term used to describe task groups (Loeb, 1985). In the present study, one possibility is 

that unique features of the tasks may have contributed to the differences with age. For 

example, because the index finger was not supported in the vertical plane, subjects may 

have activated the deep region of first dorsal interosseous as a finger flexor to a greater 

degree to account for coactivation of the long finger extensor muscles, extensor indicis 

and extensor digitorum communis. It has been shown previously that the magnitude of 

physiological tremor of the index finger in the flexion-extension plane increased with age 

(Marsden et al., 1969). Coactivation of antagonist muscles is a strategy used by the 

central nervous system to increase joint stiffness (Solomonow et al., 1988), which would 

presmably decrease the tremor of a limb. 

As noted, coactivation of the antagonist muscle is used to maintain joint stability, 

and has been documented to contribute to the tremor-like fluctuations during finger 

movements (Vallbo & Wessberg, 1993). In the present study, we did not find a direct 

correlation between the amount of muscle activation and the steadiness of muscle 

contractions. This may be due to the measurement of muscle activity, which consisted of 

an average of the amplitude over time, being insensitive to the more subtle feature of 

bursting. 

Tremulous Motor Performance 

As has been described before, old adults demonstrated a reduced ability to 

perform steady muscle contractions during postural and slow movement tasks with the 
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index finger (Burnett et al.. In Press; Laidlaw et al.. In Press). The standard deviation of 

acceleration was greater for the old subjects performing the position-holding task with 

submaximal loads (2.5%, 10% and 35% 1-RM load). Similarly, the old subjects were 

less steady when performing the shortening and lengthening contractions. The greatest 

differences in steadiness between the young and old subjects were with the lightest load. 

Moreover, the steadiness for the old subjects performing the lengthening contractions at 

the 2.5% load was reduced compared with the shortening contractions. 

The position-holding and position-tracking tasks were characterized by 

fluctuations in acceleration recurring at a rate of 6-12 Hz, which were independent of the 

load being supported, lifted, or lowered. Similar fluctuations to those observed during 

this study have been reported previously (Marshall & Walsh, 1956; Vallbo & Wessberg, 

1993; Young 8c Hagbarth, 1980), and have been attributed to a pulsatile descending 

command to the motor neuron pool (Vallbo & Wessberg, 1993; Wessberg & Vallbo, 

1996; Wessberg & Kakuda, 1999). The relationship between the fluctuations in 

acceleration reported in the present study and those categorized as "physiological tremor" 

is unclear. For example, physiological tremor of the fingers and hand usually comprises 

a single peak in the power density spectrum at around 8-10 Hz, but these peaks are often 

fairly broad and include frequencies outside the 8-10 Hz range. In the current study, the 

power spectra for every subject when supporting the lightest load (2.5%) during the 

position-holding task demonstrated a bimodal distribution of frequencies (Figure 13 A), 

one at around 20 Hz and another at the expected lower frequency of 6-12 Hz. These 

peaks have been observed previously (Stiles & Randall, 1967) and are presimied to be 
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due to the combined mechanical factors of the inertia of the finger and the series elastic 

component of muscle. 

The power spectral density plots for the position-tracking task were always 

characterized by a single dominant peak at 6-12 Hz (Figure 16). The peaks for the 

shortening and lengthening contractions were similar in location and shape for all of the 

trials in all of the subjects. Based on the large number of movements included in the 

present study, it is concluded that the fluctuations are of a similar nature as those 

described previously for slow finger movements (Vallbo & Wessberg, 1993). However, 

it should be noted that the alternating bursting pattern of the agonist and antagonist 

muscles was not as obvious in the present study. This may be due to the loading of the 

index finger, which produced greater EMG activty in the first dorsal interosseous and 

second palmar interosseous muscles, masking this subtle feature of motor output. 

In summary, the old adults were less steady when supporting, or lifting and 

lowering submaximal loads with the first dorsal interosseous muscle. The reduced 

steadiness was associated with differences in the relative activation of deep and 

superficial regions of first dorsal interosseous and greater coactivation of the antagonist 

muscle. These findings indicate that the activation of the first dorsal interosseous muscle 

is not homogeneous during slow finger movements, and that activation of accessory 

muscles may contribute to the performance of tasks requiring manual dexterity. 



CHAPTER 4 

SINGLE MOTOR UNIT ACTIVITY DURING LOW-FORCE 

ISOMETRIC AND ANISOMETRIC CONTRACTIONS 
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ABSTRACT 

The purpose of this study was to compare the steadiness and discharge rate of 

motor units during isometric and anisometric contractions performed with the first dorsal 

interosseous muscle by young and old adults. The subjects performed submaximal 

(2.5%, 5%, 7.5% and 10% of maximum) isometric and slo-w shortening and lengthening 

contractions with the intent to produce steady abduction forces with the index finger. 

Motor unit recordings were obtained using fine-wire electrodes inserted into the first 

dorsal interosseous muscle. The steadiness of the isometric contractions was less for the 

old subjects compared with young subjects, especially at the lower target forces. Further, 

the normalized EMG amplitude was greater for the old subjects at the lowest target forces 

(2.5% and 5% MVC). While the mean discharge rates of motor units were not different 

for the two groups of subjects, the variability of the discharge rates was greater for the 

old subjects during the isometric contractions. Similai*ly, the old subjects were less 

steady when performing slow anisometric contractions compared with the young 

subjects, especially with the lengthening contractions. The normalized EMG amplitude 

was greater and the discharge rate of motor units was more variable for the old subjects 

during both the shortening and the lengthening contractions compared with the young 

subjects. Further, the discharge rate was more variable for the old adults during the 

lengthening contractions compared with the shortening contractions. We conclude that a 

more variable discharge by single motor units contributes to the reduced ability of old 

adults to perform steady muscle contractions during these tasks. 
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When an individual performs a steady contraction with the first dorsal 

interosseous muscle, the abduction force exerted by the index finger is not constant but 

rather it fluctuates about an average value. For isometric contractions, the standard 

deviation of the fluctuations for both young and old adults increased as a function of the 

average force exerted by the finger (Galganski et al., 1993; Keen et al., 1994). When 

differences in muscle strength were taken into account, the normalized force fluctuations 

were greater for the old adults, especially at the lowest forces (Galganski et al., 1993). 

Our initial explanation for the reduced steadiness exhibited by the old adults 

during isometric contractions was based on differences in motor unit size. Because motor 

units tend to be recruited in order of ascending size and initial discharge rates are low, 

Christakos (1982) was able to demonstrate with computer simulations that the 

fluctuations in the force during an isometric contraction are due to the unfused tetani of 

the most recently recruited motor units. Consequently, differences in motor unit forces 

among individuals, such as due to the enlargement of motor unit territories with aging 

(Stalberg & Fawcett, 1982), should be associated with differences in the magnitude of 

force fluctuations. Consistent with this explanation, Galganski and colleagues (1993) 

found that old adults had both greater normalized force fluctuations and greater peak-to-

peak forces for low-threshold motor units when discharging at minimum rates. 
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When old adults participated in a strength-training program, however, we found 

that the magnitude of the normalized force fluctuations decreased without a change in the 

distribution of average peak-to-peak forces for low-threshold motor imits (Keen et al., 

1994). This suggests that the enhanced force fluctuations exhibited by old adults may be 

attributable to more than the unflised contractions of the most recently recruited motor 

units. For example, the force fluctuations probably include the effects of alternating 

activity between the agonist and antagonist muscles, which occurs at about 8-10 Hz in 

slow finger movements (Vallbo & Wessberg, 1993). Furthermore, it has been proposed 

that the steadiness of a contraction is maximized when the discharge of motor units is 

regular (low variability) but not synchronized (Taylor, 1962). Supporting this suggestion, 

Yao and colleagues (1998) found that the magnitude of force fluctuations in simulated 

contractions increased with the level of motor unit synchronization. 

As an alternative test of the association between motor unit force and steadiness, 

we measured steadiness in tasks that involved different motor unit behaviors (Tax et al., 

1990a; Tax et al., 1990b). The purpose of the study was to compare the steadiness and 

discharge rate of motor units during isometric and anisometric contractions performed 

with the first dorsal interosseous muscle by young and old adults. Because the gradation 

of force in first dorsal interosseous relies more on modulation of the discharge rate during 

anisometric contractions (Kosarov et al., 1987), we expected to find that the discharge 

rate variability would be greater and performance would be less steady for the 

anisometric contractions compared with the isometric contractions. Furthermore, we 

expected to find an age-related association between the variability of motor unit 
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discharge and the steadiness of the performance. We found that old adults had greater 

difficulty performing steady isometric contractions and steady, slow finger movements. 

Moreover, while the average discharge rate of motor units was similar across tasks, the 

variability of the discharge rate was greater for the old adults. 
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METHODS 

Subjects and Test Muscle 

Experiments were performed on the left hand of 8 young (4 female, 4 male; 24-27 

yr.) and 14 old (8 female, 6 male; 64-83 yr.) human subjects with no known 

neuromuscular disorders. Each subject participated in three or four experimental 

sessions. All subjects gave their informed consent prior to participation in the study. 

The muscle tested in this study was the first dorsal interosseous, which is located 

between the thumb and index finger. This muscle controls abduction of the index finger 

away from the longitudinal axis of the hand and contributes as a synergist to flexion of 

the metacarpophalangeal joint of the index finger. First dorsal interosseous is especially 

active during the pinch grip (Darling et aL, 1994). It is a flat, triangular muscle with two 

heads that are separated by a fibrous arch. The ulnar head arises firom the dorsal surface 

of the ulnar border of the first metacarpal whereas the radial head arises from the 

proximal three-quarters of the radial border of the second metacarpal. The common 

tendon attaches to the radial side of the proximal phalanx of the index finger (Eyier & 

Markee, 1954). It is relatively easy to record the electrical activity by means of surface 

and intramuscular electrodes without significant interference from neighboring muscles, 

and to record the abduction force exerted by the index finger due solely to the action of 

first dorsal interosseous (Chao et al., 1989). The muscle is innervated by the ulnar nerve 

and contains 120-130 motor units (Feinstein et aL, 1955) in adults under 60 years of age. 
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Recruitment of motor units is complete around 40% of maximum force (De Luca et al., 

1982). 

The effects of age on the contractile properties of the first dorsal interosseous 

muscle are well documented, albeit with mixed results. Newton and Yemm (1986) found 

an age-related increase in the muscle twitch contraction time, while Keen and colleagues 

(1994) found no difference. Both studies showed no differences in twitch amplitude or 

one-half relaxation time. The data on motor unit characteristics shows an age-related 
< 

increase in the spike-triggered average force and contraction time (Galganski et al., 1993; 

Keen et al., 1994; Newton et al., 1988). Further, there was an increase in the recruitment 

threshold for old adults (Galganski et al., 1993) and a decrease in the initial discharge 

rate (Newton et al., 1988). 

Experimental Setup 

The experiments were conducted with the subjects seated and facing an 

oscilloscope, which was positioned 1.2 m away at the level of the subject's eyes. The 

index finger was placed in an individualized polyvinyl silicone mold and strapped inside 

an L-shaped delryn splint. The splint was placed along the lateral and ventral surfaces of 

the index finger to keep the interphalangeal joints extended. The left arm was abducted 

with the hand and forearm prone and resting on a manipulandimi. The elbow joint was 

positioned directly below the shoulder and flexed to a right angle. The forearm and hand 

were immobilized in the manipulandum (Keen et al., 1994) by several restraints: (1) an 

L-shaped stop placed behind the elbow that prevented backward translation of the hand 
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and forearm; (2) an L-shaped splint with two straps over the forearm; (3) a brace placed 

against the lateral aspect of the hand, eliminating ulnar deviation; (4) a brace for the 

thumb that maintained an angle between the first and second metacarpals at ~90 deg; (5) 

a strap over the third to flfUi fingers; and (6) a brace that eliminated flexion at the 

metacarpophalangeal joint of the index finger. 

Mechanical Recording 

Isometric Contractions. With the hand positioned in the manipulandum so that 

the index finger was abducted 5-deg from the neutral position, a force transducer 

(Sensotec model 13) attached to the delryn splint detected the abduction force at the 

proximal interphalangeal joint. The sensitivity of the force transducer used during the 

high-force tasks was 0.053 V/N (linear range: 0-220 N), whereas more sensitive force 

u-ansducers (0.54 V/N, linear range 0-22 N; 1.01 V/N, linear range 0-9.81 N) were used 

for the low-force tasks. 

Anisometric Contractions. A low-fnction, linear variable differential transducer 

(L VDT; novotechnik) was used to detect the abduction displacement of the index finger 

about the first metacarpophalangeal joint. The LVDT was mounted on an extended 

delryn platform and positioned perpendicular to the index finger in the initial position (5-

deg abduction). This configuration minimized the error in the linear recording of angular 

motion. The LVDT was attached to the delryn splint with a low-fiiction ball and socket 

joint, allowing for free movement of the index finger through its range of motion (10-

deg). The LVDT was calibrated for each subject and session over the range of motion. 
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Electrical Recording 

The electromyogram (EMG) of the left first dorsal interosseous muscle was 

recorded with bipolar surface electrodes (4 mm diameter; silver-silver chloride) that were 

positioned ~8 mm center-to-center apart on the skin overlying the mid-belly of the 

muscle. A common electrode (4 mm diameter; silver-silver chloride) was placed over a 

bony aspect on the dorsal surface of the hand. The surface EMG signals were amplified 

(1,000-10,000 times), band-pass filtered (20-800 Hz), and displayed on an oscilloscope. 

Motor unit activity was recorded with a pair of bipolar intramuscular electrodes 

inserted into the first dorsal interosseous muscle. One of the electrodes consisted of three 

Formvar-insulated, stainless steel wires (various combinations of 15 nm, 25 ̂ m or 50 |im 

diam; California Fine Wire). The other electrode consisted of two Formvar-insulated, 

stainless steel wires (15 ^.m or 25 ^m), and a single enamel-insulated, 10 nm stainless 

steel wire (H.P. Reid). For both electrodes, the three wires were glued together with 

medical grade cyanoacrylate at the recording end and coiled around a 0.13 mm diameter 

steel mandrel for ~3 mm with a custom coiling apparatus. This assembly was then 

threaded through a disposable 27-gauge needle that was inserted into the first dorsal 

interosseous muscle and then removed, leaving the wire electrode in the muscle. Despite 

the added stability of the electrode due to the coiled end, it was possible to manipulate the 

intramuscular electrodes to optimize detection of single motor unit action potentials by 

varying the pair of wires used and by displacing the wires with fine manual adjustments. 

The signals from these electrodes were amplified (1,000-10,000 times), band-pass filtered 
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(0.3-10 kHz), and displayed on an oscilloscope. Motor units were identified on-line by 

the shape of the extracellular action potential detected by the intramuscular electrodes 

using an amplitude window discriminator (BAK DIS-1). 

Experimental Procedures 

Each of the 22 subjects was asked to perform five tasks in an experiment: (1) 

isometric maximum voluntary contractions (MVCs); (2) evoked responses (twitches and 

M-waves); (3) a motor unit recruitment-threshold task; (4) an isometric constant-force 

task; and (5) an anisometric constant-load task. The isometric tasks were performed with 

the index finger abducted five degrees from the neutral position. The recruitment-

threshold, constant-force, and constant-load tasks were repeated as a group whenever 

different motor units could be reliably identified and tested. 

MVC. The MVC task consisted of a gradual increase in the index finger 

abduction force from baseline to maximiun in 3-4 s and was sustained at maximum for 1-

2-s. Subjects monitored the index finger force on an oscilloscope. The timing of the task 

was based on a verbal count given at 1-s intervals, with vigorous encouragement from the 

investigators when the force trace began to plateau. One or two near-maximal practice . 

trials were performed prior to two MVC trials. Subsequent trials were performed if the 

difference between the first two MVCs was >5%. The trial with the highest peak force 

was chosen for analysis. Subjects rested for 60-90 s between consecutive trials. 

Evoked Responses. The M-waves and twitch forces were elicited in the first 

dorsal interosseous muscle by percutaneous stimulation of the ulnar nerve at the wrist. 
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Three responses were evoked in a relaxed muscle by supramaximal electrical stimuli (0.1 

ms duration) that were provided by a Grass S-8800 stimulator. The shocks were 

delivered by a bipolar electrode that was placed on the ventromedial aspect of the 

forearm, 3-5 cm proximal to the wrist joint. The cathode was positioned at the location 

that maximized the peak-to-peak amplitude of the M-wave. Once the cathode position 

was determined, it was held firmly in place and the stimulus intensity was increased to a 

supramaximal level. The responses were elicited once every 3 s. Twitch force was 

monitored during this process to ensure that the measurements were not affected by the 

previous activation of the muscle. 

Recruitment Threshold. This task was used to determine the isometric abduction 

force exerted by the index finger when a single motor unit discharged action potentials at 

a relatively constant, low rate. The subject gradually increased the abduction force to a 

level where a recruited motor unit could be identified by its shape and amplitude. This 

procedure was repeated three times for each motor unit, with the average of the three 

trials used for the subsequent tasks. Recruitment thresholds were categorized into bins 

relative to the MVC force (i.e., 0-1%, 2.5-3.5%, 5-6%, and 7.5-8.5%). Subsequently, the 

target force or load used during the constant-force and constant-load tasks was set at 

2.5% MVC above the recruitment threshold in increments of 2.5% from 2.5% to 10% 

MVC force. For example, if an identified motor unit had a recmitment threshold of 3% 

MVC force, the target force and load would be set at 5% MVC for the constant-force and 

constant-load contractions, respectively. Only motor units wdth recruitment thresholds 
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within the specified ranges were included in the analysis. The use of low forces was 

necessary to ensure an adequate yield with our discrimination procedures. 

The distributions of recruitment thresholds for the motor units recorded relative to 

the target forces and loads are shown in Figure 18. On average, the target force exceeded 

the recruitment threshold by 2.50 ± 0.01%. MVC force for the young subjects and by 

2.55 ± 0.01% MVC force for the old subjects. These values were not statistically 

different for the two groups of subjects. 

Constant-Force Task. Target forces were set at 2.5% MVC above the recruitment 

threshold of the identified motor unit. The subject was instructed to gradually increase 

the isometric abduction force to the target force displayed on the oscilloscope and to hold 

the force steady at the target force for 30 s (Figure 17A). The sensitivity of the force 

display was set relative to the target force level so that the baseline to target force level 

was 3-4 vertical divisions on the oscilloscope. The subject performed one trial for each 

identified motor unit. 

Constant-Load Task. A weight that matched the target force of the constant-force 

task was attached to a line connected to the splint at the proximal interphalangeal joint, 

providing a load in the adduction direction. These trials (3-5 with each load) were 

performed with the index finger moving through a 10-deg range of motion from the 

neutral position. The subjects raised and lowered the weight during 6-s of abduction and 

6-s of adduction, respectively (Figure 17B). A triangular template was displayed on the 

oscilloscope and the subjects were given practice trials to become familiar with the 
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timing and amplitude of the movement. The subjects were instructed to match the 

desired finger displacement template as closely as possible. 

Data Analysis 

All data collected (excluding single motor unit records) during the experiments 

were recorded and stored in digital format (Sony PC 116 DAT recorder; bandwidth DC to 

5 kHz) and analyzed off-line using the Spike2 data analysis system (Cambridge 

Electronic Design) with custom-designed software. The force and position data were 

sampled at 200 Hz, while the surface EMG data were sampled at 2000 Hz. Records of 

motor unit action potentials were sampled on-line at 20,000 Hz with the use of a 

microcomputer and an A/D processor (1401 plus, Cambridge Electronic Design; 

bandwidth DC to 30 kHz). Motor unit discrimination was initially accomplished off-line 

with the use of a computer-based spike-sorting algorithm (Spike2). Waveform shape and 

amplitude distinguished the action potentials of single motor units. All discriminated 

motor unit records were then reviewed on a spike-by-spike basis to ensure that only the 

action potentials of the identified motor units were included in the analysis. The 

discriminated records were analyzed with custom-designed software. First, instantaneous 

discharge rate records were created for each motor unit. Then, least-squares regression 

was used to identify if there were any average increases or decreases in the discharge rate 

during the epoch of interest. The slope of the regression line was subtracted from the 

data to remove any trend. The mean and standard deviation of the discharge rate were 

calculated from the detrended data. This procedure resulted in a more conservative 
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measure of variability for all motor unit records. To normalize the variability of the 

motor unit discharge rate, the standard deviation was divided by the mean discharge rate 

and expressed as the coefficient of variation. 

Dependent Variables. The dependent variables for the MVC task were peak force 

and the average of the full-wave rectified EMG (AEMG) for a 0.5-s window centered at 

the peak force. For the evoked responses, the dependent variables were: (1) peak twitch 

force; (2) time to peak twitch force (contraction time); and (3) one-half relaxation time. 

The AEMG for the MVC was normalized to the maximum M-wave ampUtude to allow 

for comparisons between subjects and across sessions. Similarly, the EMG amplitudes 

from the other tasks were normalized to the AEMG for the MVC because the intraclass 

correlations were higher compared with normalizing to the M-wave amplitude. 

Comparison of the twitch parameters across sessions ensured similar mechanical 

recording conditions. 

The dependent variables for the constant-force task were: (1) standard deviation 

of the force fluctuations within a 20 s window; (2) coefficient of variation (standard 

deviation/mean force x 100) of the force fluctuations; (3) AEMG in a 2-s window when 

the force was relatively constant; and (4) motor unit activity within the 20 s window. For 

these analyses, trials with similar target forces (2.5%, 5%, 7.5%, 10% MVC) were 

averaged within and across sessions for each subject. 

For the constant-load task, the steadiness of the movement was determined by 

measuring the variations in position about the average movement velocity. Least-squares 

regression was used to determine the average velocity and the slope of the regression line 
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was subtracted from the data to remove the trend (average velocity) from the position 

data. The detrending procedure resulted in a more conservative measure of fluctuations 

in position. The dependent variables were: (I) peak abduction position; (2) average 

movement velocity and standard deviation of the detrended position data for the entire 

abduction and adduction phases (~6-s each) and for the middle 4 s of each phase; and (3) 

motor unit activity during each epoch of each phase. The middle 4 s was analyzed to 

remove the end effects of each phase (i.e., the onset of movement with a shortening 

contraction, the transition from the shortening to the lengthening contraction, and the 

completion of the lengthening contraction). Additionally, separate analyses were 

performed on the steadiest performance (smallest standard deviation) of each phase, for 

each subject and load condition. For these analyses, trials with similar loads were 

averaged within and across sessions for each subject. 

Statistical Analysis. A two-factor analysis of variance (ANOVA) with a repeated-

measures design (1 factor between and 1 within) was used to compare the dependent 

variables for the MVC and Evoked Responses between groups (yoimg vs. old), across 

sessions, and the group-by-session interaction. A two-factor ANOVA (1 factor between 

and 1 within) was used to compare the Constant-Force and Constant-Load dependent 

variables between groups, across forces/loads, and the group-by-force/load interaction. A 

three-factor analysis of variance (ANOVA) with a repeated-measures design (1 factor 

between and 2 within) was applied to the Constant-Load data to compare the dependent 

variables between groups, across sessions and contraction type, and the interactions. An 

alpha level of 0.05 was chosen for all initial statistical comparisons, with t-tests 
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performed when necessary to determine between group and between contraction type 

differences. For the multiple comparisons, the significance levels were adjusted with the 

Bonferroni/Dunn correction. When the data did not satisfy the assumptions of equal 

variance and normality, a Friedman repeated-measures ANOVA on ranks, a Kruskal-

Wallis ANOVA on ranks (with Dunn's Method for multiple comparison), or Maim-

Whitney Rank Sum test was used to detect differences in the repeated-measures designs, 

the factorial designs, or t-test designs, respectively. Unless stated otherwise, all results 

are reported as mean ± SE. 
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The main finding of the present study was that old adults had a reduced ability to 

perform steady isometric and anisometric muscle contractions, which was associated with 

differences in the variability of motor unit discharge. Examples are shown in Figure 17 

from trials where a young and old subject attempted to maintain a constant-force 

isometric contraction and to make slow, steady movements with the index finger. These 

records indicate that the force and position fluctuations and the variability of motor unit 

discharge for these tasks were greater for the old subject, especially for the lengthening 

contraction. 
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FIGURE 17. Representative performances and intramiiscular EMG records during the 

isometric constant-force (A and Q and anisometric constant-load tasks (B and D) from a 

young (A and B) and an old (C and D) subject. The three traces for each panel are the 

instantaneous discharge rate at the top, intramuscular EMG from first dorsal interosseous 

in the middle, and index finger abduction force or position at the bottom, for the 

isometric and anisometric tasks,  respectively. The same motor unit  is  shown in panels A 

and B and another motor imit is shown in panels C and D. The target forces and loads for 

these trials correspond to 5% MVC force. These records show that the old subject had 

greater fluctuations in force and position compared with the young subject and that the 

discharge rate of the recorded motor unit for the old subject was more variable during 

both the isometric contraction and the lengthening anisometric contraction. 
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FIGURE 17. Legend on preceding page. 



FIGURE 18. The target force at which individual motor units were recorded is plotted 

relative to the recruitment threshold. For all loads, there were no age-related differences 

in the relationship betweent he two variables. Across both age groups, the target force 

was 2.52 ± 0.003% above the recruitment threshold and the linear regression was 

significant (Target force = 2.48 + (1.03 • recruitment threshold), r = 0.98, p < 0.0001). 



FIGURE 18. Legend on preceding page. 
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Age-related Differences in MVC Force and Evoked Responses 

There were no age-related differences in the reliability of the MVC and evoked 

responses across sessions. The intraclass correlation coefRcients for MVC force and 

normalized AEMG across sessions for all subjects were 0.95 and 0.82, respectively. This 

meant that only 5% and 18% of the variance in these variables was due to within subject 

variance across the four sessions, and not due to differences between the performance of 

subjects. For the evoked responses, the intraclass correlation coefficients were 0.82, 

0.78, and 0.70 for twitch force, contraction time, and one-half relaxation time, 

respectively. 



TABLE 8. Comparison of the MVC and evoked responses for the young and old groups. 

MVC Force MVC AEMG MVC AEMG Twitch Force Contraction 
(N) (mV) (%M-Wave) (N) Time(ms) Relaxation Amplitude 

One-Half M-Wave 
Relaxation AmplitU( 
Time (ms) (mV) 

32.913.97* 0.67±0.13 6.22±0.78 1.9710.30 78.615.14 66.014.03 10.51 1.06 

Men 43.0±4.96^ 0.8410.22 7.11 1 1.17 2.11 10.41 75.01 1.52 60.513.20 11.912.05 

Women 26.813.45^ 0.5710.16 5.681 1.06 1.8910.50 80.816.69 69.313.66 9.61 1.19 

Old 22.712.29 0.41 10.04 5.0910.44 1.71 10.20 79.712.04 76.215.31 8.4910.83 

Men 30.3.13.57^ 0.4410.07 5.9810.94 2.1010.33 79.810.58 75.714.95 7.981 1.74 

Women 18.1 11.17 0.3910.05 4.6010.41 1.5010.19 79.713.21 76.517.27 8.7710.94 

Data are means 1SE 
* p < 0.05 young vs. old 
^ p < 0.05 young men vs. young women, old men V5. old women 
^ p < 0.05 young women vs. old women 
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The MVC force of the young subjects was 45% greater than for the old subjects 

(Table 8). This difference was accounted for by a significantly greater MVC force 

exerted by the young women compared with old women, and a marginal difference 

between the men. A gender comparison indicated that the men were stronger than the 

women. However, there were no age-related or gender differences in the absolute or 

normalized AEMG (% M-wave amplitude) or the evoked responses. 

Age-related Differences in Isometric Steadiness 

The old subjects had greater difficulty performing steady submaximal isometric 

contractions. While the actual forces were greater for the young subjects at all target 

levels (Figure 19A), the absolute magnimde of the force fluctuations (standard deviation) 

was not significantly different at any of the target forces (Figure 19B). In contrast, the 

normalized force fluctuations (coefficient of variation) were greater for the old subjects at 

all target forces (Figiu-e 19C), with the greatest differences occurring at the lower forces. 

Additionally, while there was no effect of target force on the normalized fluctuations for 

the young subjects, the coefficient of variation for the old group was greater at the 2.5% 

force compared with the 7.5% and 10% forces. 



FIGURE 19. Absolute forces and two measures of steadiness at each isometric target 

force for young (O) and old (•) subjects. Data shown represent mean ± SE The mean 

forces (N) were greater for the young subjects {A , young: 0.85 ± 0.11, 1.59 ± 0.22, 2.57± 

0.47, 3.80 ± 0.76; old: 0.58 ± 0.05, 1.14 ± 0.12, 1.48 ± 0.19, 2.37 ± 0.31) at the 2.5%, 

5%, 7.5% and 10% target force levels, respectively. There were no differences in the 

standard deviation (SD) of the force fluctuations due to age at any target force level (5; 

young: 34.1 ± 6.14 mN, 46.0 ± 7.87 mN, 62.4 ±8.16 mN, 73.4 ± 18.7 mN; old: 50.5 ± 

6.92 mN, 75.0 ± 4.66 mN, 85.7 ± 11.06 mN, 96.3 ± 8.89 mN). However, the normalized 

force fluctuations (CV; coefficient of variation) were greater for the old subjects at all 

target forces (C; young: 4.14 ± 0.51%, 2.86 ± 0.28%, 2.48 ± 0.20%, 1.91 ± 0.11%; old: 

9.60 ± 1.31%, 7.38 ± 0.72%, 4.65 ± 0.69%, 4.26 ± 0.35%). These data indicate that old 

subjects had a reduced ability to exert a constant muscle force during the isometric task, 

especially at the lower target forces. 



FIGURE 19. Legend on preceding page. 
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The normalized AEMG for first dorsal interosseous increased linearly with target 

force for the old subjects, but not the young subjects (Table 9). Further, the normalized 

AEMG was greater for the old subjects compared with the young subjects at all target 

forces. 

Before comparing the discharge rate of motor units across conditions and groups, 

the linear change in discharge rate was subtracted fi*om each record. For the isometric 

task, the average trend was -0.03 ± 0.01 Hz*s'' for the young subjects and -0.06 ± 0.02 

Hz*s"' for the old subjects. These trends were not different firom zero and there were no 

significant differences between the two groups of subjects. Furthermore, there was no 

effect of age on the average discharge rate across the different target forces (Table 10). 

However, both the absolute (SD) and normalized (CV) variability of the discharge rate 

during the isometric contractions were significantly greater for the old subjects at the 

2.5% and 5% MVC forces (Table 10). There was a significant positive correlation 

between the coefficient of variation for force and the coefficient of variation of motor 

unit discharge rate at the lowest forces (r = 0.71, p < 0.0001). Additionally, at each force 

tliere were a greater number of consecutive discharges with an interspike interval less 

than 20 ms in the old group (Table 10). However, even when these data were removed, 

the effects of age on motor unit behavior (mean, standard deviation and coefficient of 

variation of the discharge rate) were unchanged. 
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TABLE 9. Surface AEMG' during isometric and anisometric contractions. 

Young Old 

Isometric Shorten Lengthen Isometric Shorten Lengthen 

2.5% Force or Load 

4.99* 10.4*^ 4.39* 9.57 18.2^ 12.3 

(1.06) (1.01) (0.64) (1.38) (2.62) (2.05) 

5% Force or Load 

7.70» 11.3*^ 5.26* 12.2 17.7^ 12.1 

(1.88) (1.20) (0.90) (1.70) (2.28) (2.22) 

7.5% Force or Load 

8.31* 13.8*^ 8.16* 16.0 22.3^ 14.9 

(0.76) (2.49) (2.06) (1.56) (2.70) (2.76) 

70% Force or Load 

9.20* Xl.l*^ 9.38* 18.7 29.4^ 16.6 

(1.97) (0.96) (2.15) (3.22) (5.63) (2.65) 

Data are means ± (SE) 
' Surface AEMG values are normalized to the AEMG for the MVC 
* p < 0.01 young vs. old 
^ p < 0.01 shortening vs. lengthening 
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TABLE 10. Motor unit discharge measures for the isometric contractions and the middle 

4-s of each movement phase during anisometric contractions. 

Young Old 

Isometric Shorten Lengthen Isometric Shorten Lengthen 

2.5% Force or Load 

n' 42 54 50 50 60 60 

Mean (Hz) 11.2 15.7^ 10.5 12.8 17.0^ 13.3 

(0.28) (0.73) (0.99) (0.69) (1.21) (1.22) 

SD(Hz) 2.00* 2.69* 1.96* 4.35 5.56 5.71 

(0.09) (0.23) (0.22) (0.49) (0.51) (0.62) 

CV (%) 18.0* 17.1* 19.9* 33.5 33.3^ 42.9 

(0.52) (1.63) (1.18) (2.69) (2.93) (2.73) 

DD^ 0 0 0 46 20 19 

5% Force or Load 

n 24 33 28 36 35 32 

Mean (Hz) 11.6 16.0^ 11.3 11.5 16.5^ 12.1 

(0.23) (0.86) (1.07) (0.64) (2.01) (1.47) 

SD (Hz) 1.84* 2.75* 1.74* 3.30 4.74 5.25 

(0.02) (0.22) (0.15) (0.56) (0.86) (1.38) 

CV (%) 15.9* 15.4* 15.6* 28.3 29.6^ 41.5 

(0.23) (0.57) (1.18) (3.68) (5.03) (5.69) 

DD 4 0 0 13 3 3 

Data are the means ± (SE) of the group averages calculated from across trial and 
session averages for each subject 
' n denotes number of motor unit records included in the analysis 
~ DD denotes number of consecutive motor unit action potentials (double discharges) 

with an interspike interval less than 20 ms 
* p < 0.01 young vs. old 
^ p < 0.01 shortening vs. lengthening. 
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When two or more motor units with similar recruitment thresholds (range of 

differences in recruitment threshold: 0 to 1.0 % MVC force; mean ± SE: 0.226 ± 0.002%) 

were identified during a single contraction, their relative behavior was compared (Figure 

20). There was no effect of age on the differences between the average discharge rates 

(A; young: 1.63 ± 0.37 Hz vs.  old: 1.53 ± 0.31 Hz) or the trends in discharge rate (B; 

young: 0.04 ± 0.01 Hz*s*^ V5. old: 0.10 ± 0.05 Hz*s"'). However, the old subjects had 

greater differences within pairs of motor units for both the standard deviation and 

coefficient of variation. For the standard deviation (Figure 20C), the pairwise differences 

were 0.43 ± 0.10 Hz for the young subjects compared with 1.85 ± 0.51 Hz for the old 

subjects. Similarly, the differences in the coefficient of variation (Figure 20D) were 2.71 

±0.61 % for the young subjects compared with 13.77 ± 3.54 % for the old subjects. The 

pairwise differences for the standard deviation and coefficient of variation of the 

discharge rates were greater than zero for the old subjects, but not for the young subjects. 



FIGURE 20. Differences in motor unit discharge rate characteristics at the 2.5% and 5% 

isometric target forces for young (O; n = 20 pairs) and old (•; n = 23 pairs) subjects. 

Each data point indicates the difference between a pair of concurrently active motor units 

with similar recruitment thresholds. For each panel, the data from all pairwise 

comparisons are shown on the left, while box plots on the right depict the average across 

subjects within each age group. The box plots display the median value (thin line within 

the box) along with the 25"* (top of box) and TS"* percentiles (bottom of box). The error 

bars indicate the 5''' and 95"' percentiles. The group means are shown with the thick 

horizontal line. There were no differences due to age in the average discharge rates (A) 

or in the discharge rate trends (B). However, differences in the standard deviation (C) 

and coefficient of variation (D) were greater for the old subjects compared with the 

young subjects. These data demonstrate an age-related difference in the discharge 

behavior of concurrently active motor units during low-force isometric contractions. 
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FIGURE 20. Legend on preceding page. 
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Age-related Differences in Anisometric Steadiness 

The old subjects were less steady when performing the slow shortening and 

lengthening contractions (Figure 17). For all analyses, there were no effects of load on 

the steadiness of the contractions for either age group. When the data from the middle 4 s 

were averaged across the three trials (Figure 21 A), the standard deviation of the position 

fluctuations about the average velocity for both shortening and lengthening contractions 

was greater for the old subjects compared with the young subjects at each load. For the 

shortening contractions, the average standard deviation across loads was 0.21 ± 0.01 deg 

for the young subjects and 0.29 ± 0.01 deg for the old subjects. For the lengthening 

contractions, the average standard deviations were 0.23 ± 0.02 deg for the young subjects 

and 0.46 ± 0.02 deg for the old subjects. Furthermore, the average standard deviations 

for the old subjects were greater for the lengthening contractions compared with their 

shortening contractions, while the young subjects had lower and similar average standard 

deviations for the two phases. 

The analysis of the steadiest performance for the middle 4-s of each phase (Figure 

2IB) showed similar differences due to age for all comparisons. The old subjects had 

greater position fluctuations about the average velocity for both the shortening and 

lengthening contractions. For the shortening contractions, the average standard deviation 

across loads was 0.14 ± 0.01 deg for the young subjects and 0.22 ± 0.01 deg for the old 

subjects. For the lengthening contractions, the average standard deviations were 0.17 ± 

0.02 deg for the old subjects and 0.34 ± 0.02 deg for the old subjects. Furthermore, the 

standard deviations of position for the lengthening contractions were greater for the old 
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subjects compared with their shortening contractions, while the yoimg subjects had lower 

and similar standard deviations for the shortening and lengthening contractions at all 

loads. 
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FIGURE 21. Measures of anisometric steadiness for the average (A) and steadiest (B) 

performances of three trials by young (O •) and old (• •) subjects for shortening (O •) 

and lengthening (• •) contractions with each load. For both the average and the steadiest 

performances, the old subjects were less steady compared with the young subjects for 

both the shortening (circles) and lengthening (squares) contractions at each load. 

Furthermore, the old subjects were less steady with the lengthening contractions 

compared with their shortening contractions at all loads, while the young subjects were 

equally steady performing shortening and lengthening contractions. These results 

demonstrate a reduced ability of old subjects to perform slow, steady finger movements. 



FIGURE 21. Legend on preceding page. 

0.6 n 

0.5 -

0.4 -

0.3 -

0.2 -

o> 

O • Young 
• • Old 
O • Shortening 
• • Lengthening 

0.6 -I "S 
CO •o c s 0-5 • 
w 

0.4 -

0.3 -

0.2 -

0.0 -• 

2.5 5 7.5 10 

Load (% MVC) 



194 

The decline in steadiness with age was not due to differences in the amplitude of 

the displacement (peak abduction: 10.0 ± 0.12 deg young v^. 10.1 i 0.10 deg old) or the 

average velocity of the movements in either phase (shortening or lengthening 

contraction) or with any load. However, the between-trial variability (SD) of the average 

movement velocity with the 2.5% load was greater for the old subjects compared with the 

young subjects for both the shortening (0.16 ± 0.02 deg's"* young vs. 0.26 ± 0.02 deg»s'' 

old) and lengthening contractions (0.18 ± 0.04 deg*s"' young vj. 0.30 ± 0.03 deg*s'' old). 

For the 5% load, only the between-trial variability for the average movement velocity of 

the lengthening contractions was greater for the old subjects between trials (0.21 ± 0.04 

deg»s"' young vs. 0.39 ± 0.05 deg»s"' old). There were no differences in the between-trial 

variability of the average movement velocity for the 7.5% and 10% loads. 



FIGURE 22. Normalized surface AEMG activity in the first dorsal interosseous muscle 

for young (O •) and old (• •) subjects for shortening (O •) and lengthening (• •) 

contractions. Data shown represent mean ± SE For both shortening and lengthening 

contractions across all loads, the normalized AEMG amplitude was greater for the old 

subjects compared with the young subjects. Further, the relative difference in AEMG 

amplitude between shortening and lengthening contractions for the 2.5% and 5% loads 

was greater for the young subjects compared with the old subjects. 



FIGURE 22. Legend on preceding page. 
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The amount of muscle activity was also different for the two groups performing 

the anisometric tasks (Table 9, Figure 22). For both age groups, the normalized AEMG 

for first dorsal interosseous during the shortening and lengthening contractions increased 

with the load. However, the old subjects had greater AEMG activity for the shortening 

and lengthening contractions at all loads. Moreover, the ratio of the AEMG activity for 

the shortening relative to the lengthening contraction with the 2.5% and 5% loads was 

greater for the young subjects (2.5%: 2.07 ± 1.77; 5%: 2.45 ± 0.84) compared with the 

old subjects (2.5%: 1.72 ± 1.06; 5%: 1.57 ± 0.60). On average, the AEMG amplitude for 

the lengthening contractions was not different from the AEMG for the isometric 

contractions at similar forces for both groups. 



FIGURE 23. Motor unit discharge behavior for young (O •) and old (••) subjects for 

shortening (O •) and lengthening (• •) contractions with the 2.5% (left panels) and 5% 

(right panels) loads. Data shown represent mean ± SE While there were no differences 

due to age in the average discharge rate of motor units during the shortening and 

lengthening contractions with either load, for both groups the discharge rate was lower 

during the lengthening contraction compared with the shortening contraction (A). 

Moreover, both the standard deviation (B) and the coefficient of variation (C) were 

greater for the old subjects performing the shortening and lengthening contractions. The 

coefficient of variation was greater during the lengthening contractions compared with 

the shortening contractions for the old subjects, while for the young subjects the 

variability was the same. 



FIGURE 23. Legend on preceding page. 
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Before comparing the discharge rate of motor units across conditions and groups, 

the linear change in discharge rate was subtracted from each record. For the shortening 

contractions, the average trend was 0.67 ± 0.30 Hz«s"' for the young subjects and 1.39 ± 

0.50 Hz»s'' for the old subjects. For the lengthening contraction, the average trend was 

—1.03 ± 0.27 Hz*s"' for the young subjects and -0.39 ± 0.27 Hz*s"' for the old subjects. 

These trends were not significantly different between the two groups of subjects. There 

was no effect of age on the average discharge rate between the 2.5% and 5% loads (Table 

10, Figure 23A). However, for both groups, the average discharge rate was lower for tlie 

lengthening compared with the shortening contraction. Contrary to the results for the 

surface AEMG amplitude, there was no difference due to age in the ratio of the average 

discharge rate for the shortening to lengthening contractions. 

The absolute (SD) and normalized (CV) variability of the motor unit discharge 

rate was significantly greater for the old subjects at both the 2.5% and 5% MVC loads 

(Table 10, Figure 23B and C). Further, the coefficient of variation for the old subjects 

was greater for the lengthening compared with the shortening contractions. In contrast, 

the young subjects had similar coefficients of variation for the shortening and lengthening 

contractions at both loads. Additionally, when the data for the young and old subjects 

were pooled, there was a significant positive correlation between the standard deviation 

of the position fluctuations and the coefficient of variation of motor unit discharge rate at 

the lowest loads for both shortening and lengthening contractions (shortening: r = 0.57, p 

< 0.0001; lengthening: r = 0.58, p < 0.0001). 



The discharge of consecutive action potentials within 20 ms (double discharges) 

was only exhibited by the old subjects. The incidence was highest during the shortening 

contractions, around the transition from the shortening to the lengthening contraction 

(Table 10). Similarly, when performing the lengthening contractions, the incidence was 

highest immediately after the transition from the shortening to the lengthening 

contraction. However, when these data were removed, the results for the variability of 

motor unit discharge rate did not change. 
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DISCUSSION 

The main findings of the study were that old adults were less steady with 

isometric and anisometric contractions with the first dorsal interosseous muscle. The 

decrease in steadiness was associated with more surface EMG and greater variability in 

the discharge rate of motor units. Moreover, the old adults had greater difficulty with the 

lengthening contractions, when the discharge rate was most variable and the surface 

EMG activity was proportionally greater compared with the young adults. 

Variability of Motor Unit Discharge Rate 

There are at least four features of the motor output from the spinal cord that could 

contribute to the observed differences in steadiness among young and old adults. These 

include the average force produced by motor units (Allum et al., 1978; Christakos, 1982; 

Galganski et al., 1993), the pattern of coactivation by the agonist and antagonist muscles 

(Vallbo & Wessberg, 1993; Wessberg & Kakuda, 1999), the amount of motor unit 

synchronization (Dietz etal., 1976; Taylor, 1962) and the discharge behavior of motor 

units (Bible & Randall, 1976). The results of the present study suggest a probable role 

for the variability of motor unit discharge in the steadiness of muscle contractions, at 

least for low-force and light-load contractions. 

In previous studies, we have found that old adults recruit motor units in the first 

dorsal interosseous muscle at similar forces and at similar discharge rates compared with 

young adults (Galganski et al., 1993; Spiegel et al., 1996). The current study is our first 
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attempt to measure the discharge rate of motor units when subjects attempted to exert a 

steady force with the first dorsal interosseous. The subjects were instructed to match a 

target force level for the isometric contractions and a position template for the 

anisometric contractions, so that measures of motor unit behavior could be related 

directly to the performance. The direct comparison of motor unit discharge behavior 

between young and old subjects was possible because the recruitment thresholds (Figure 

18) and the average discharge rates were similar (Table 10, Figure 23 A). The two tasks 

were used because of differences in the modulation of discharge rate (Tax et al., 1990a; 

Tax et al., 1990b). Within this context, it appears that steadiness (variability in force or 

position) is influenced by the variability with which motor units discharge action 

potentials. 

We evaluated the variability of motor unit discharge in absolute and normalized 

quantities as the standard deviation and coefficient of variation, respectively. The novel 

finding of this study was that while the coefficient of variation of motor unit discharge 

was similar for the young subjects when performing the two tasks (15-20%), the old 

subjects had greater discharge rate variability for the lengthening contractions (> 40%), 

and lower but similar variability for the isometric and shortening contractions (28-34%). 

Additionally, the spike-by-spike discrimination of trains of motor unit action potentials 

made it possible to identify consecutive discharges with brief interspike intervals (< 20 

ms). The old adults had a significantly greater incidence of double discharges compared 

with young adults. Most of the double discharges occurred during isometric contractions 
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(in 51% of these trials), while only 24% of the anisometric contractions contained double 

discharges (equally distributed between shortening and lengthening contractions). 

The mechanisms that could affect discharge rate variability include changes in 

transmission efficacy over corticospinal and reflex pathways (the contributors to the 

synaptic input to motor neurons) and the biophysical properties of motor neurons. There 

is ample evidence that both of these mechanisms are affected by age. For example, 

anatomical studies show that after 60 years of age approximately 40% of cortical neurons 

are lost or nonftmctioning (Henderson et al., 1980). Additionally, there is a concurrent 

but more modest loss of about 25% of spinal motor neurons in old age (Gardner, 1940; 

Tomlinson & Irving, 1977). Moreover, there are increases in the absolute latencies of 

sensory- and motor-evoked potentials, primarily affecting the large diameter, fast 

conducting motor fibers in the pyramidal tract (Evans & Starr, 1994). 

The consequence of these changes is that the efficacy of signal transmission along 

tlie corticospinal pathway is altered, with reductions in the amplitudes of motor-evoked 

(Eisen et al., 1991) and compound excitatory post-synaptic potentials (Eisen et al., 1996). 

These changes probably have significant consequences for tasks requiring manual 

dexterity because of the larger area of representation of hand muscles in the motor cortex. 

Furthermore, Corden and Lippold (1996) found that the short-latency, but not the long-

latency, reflex response of first dorsal interosseous muscle was impaired in old adults, 

and that the decrease was not due to changes in the mechanical properties of the muscle. 

Together, these findings suggest that there are age-related changes in the efficacy of 

signal transmission to the motor neurons. 
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Similarly, age alters the propagation of electrical potentials along peripheral nerve 

pathways (MacDonall & Shahani, 1994). Declines in conduction velocity (Borg, 1981) 

and the amplitude of action potentials, especially aiter the fifth decade, have been 

attributed primarily to the loss of large diameter sensory and motor neurons and changes 

in the biophysical properties of motor neurons. For example, aging is associated with an 

increase in input resistance and a decrease in rheobase current of cat motor neurons 

(Morales et al., 1987). The changes in the biophysical properties of motor neurons are 

known to parallel morphological changes, such as a reduced size of the soma (Engelhardt 

et al., 1989). Further, there is evidence that group la synaptic transmission is affected by 

age (Boxer et al., 1988). and that there is considerable reorganization occurring in the 

spinal cord, including dendritic arborization and neosynaptogenesis (Ramirez & Ulfhake, 

1992) which would affect the net synaptic input to motor neurons. Together, these 

findings indicate that the nature of the synaptic drive to motor neurons and the properties 

of motor neurons change with age, either of which would influence the ability to 

modulate the discharge rate of motor units. 

The Difficulty with Lengthening Contractions 

There is accumulating evidence that unique activation strategies are used by the 

nervous system to control anisometric, especially lengthening, contractions (Enoka, 

1996). The relatively few studies on motor unit behavior during anisometric contractions 

have shown that there are significant differences compared with isometric contractions. 

For example, in a sequence of studies on the control of the elbow flexor muscles. Tax and 
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colleagues found that although recruitment order is similar, both recruitment threshold 

and discharge rate are different for movement tasks compared with isometric tasks at 

equivalent load torques (Tax et al., 1990a; Tax et al., 1990b; Tax et al., 1989) and that 

these differences even vary among synergists (Tax et al., 1990a). Under low-velocity 

trials, the recruitment threshold of motor units in biceps brachii was lower during 

voluntary flexion and extension movements than for isometric contractions (Tax et al., 

1989). However, the recruitment thresholds of motor units in brachialis and 

brachioradialis were higher during voluntary movements compared with isometric 

contractions (Tax et al., 1990a). The initial discharge rate for all three elbow flexors was 

higher during voluntary flexion movements than isometric contractions, while during 

voluntary extension movements the initial discharge rate was lower than the other two 

conditions (Tax et al., 1990a). These findings suggest that the relative contribution of the 

two force-grading mechanisms (recruitment and modulation of discharge rate) is 

dependent on the task performed. 

Another unique characteristic of lengthening contractions is the changes that 

occur in the distribution of activity among synergist muscles. For example, Nardone & • 

Schieppati (1988) found that the EMG was greatest for soleus during a shortening 

contraction whereas lateral gastrocnemius was more active during the lengthening 

contraction. Similar effects have been observed with the elbow flexor muscles 

(Nakazawa et al., 1993; Theeuwen et al., 1994). For the calf muscles, the redistribution 

of activity between shortening and lengthening contractions appeared to involve a change 

in the motor units that contribute to the task (Nardone et al., 1989). With the first dorsal 
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interosseous muscle, we did not find a change in the motor units that were activated 

during the slow lengthening contractions when lowering light loads. However, we have 

observed an increase in the coactivation of the antagonist muscle, especially for the old 

adults, when the first dorsal interosseous performs a lengthening contraction (Burnett et 

al., 1998). 

Taken together, these findings indicate that the strategy used by the nervous 

system varies across contraction type. The variations can include changes in the 

recruitment threshold and initial discharge rate of motor units, the timing of the activation 

of a particular set of motor units, and the distribution of the activity among motor units 

within a group of synergist muscles. It appears that the aging central nervous system has 

greater difficulty in organizing the inputs to a motor neuron pool to produce a steady 

lengthening contraction. 

In summary, we have found that the age-related decline in the steadiness of low-

force isometric and anisometric muscle contractions appears to be at least partially due to 

an increased variability in the discharge rates of motor units. The greater relative 

amplitude of the surface EMG suggests an altered recruitment strategy for the old 

subjects performing low-force contractions probably combined with greater coactivation 

of the antagonist muscle. 
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CHAPTERS 

LIGHT- AND HEAVY-LOAD TRAINING IN OLD ADULTS 
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ABSTRACT 

When old adults participate in a strength-training program with heavy loads, they 

experience an increase in muscle strength and an improvement in the steadiness of 

submaximal isometric contractions. The purpose of this study was to determine the effect 

of light- and heavy-load strength training on the ability of old adults to perform steady 

submaximal isometric and anisometric contractions. Thirty-two old adults (60-91 yrs) 

participated in a four-week training program of a hand muscle. Both the light- and 

heavy-load groups increased 1-RM and MVC strength and experienced similar 

improvements in the steadiness of the isometric and anisometric contractions. The 

increase in MVC strength was greater for the heavy-load group. Before training, the 

lengthening contractions were less steady than the shortening contractions with the 

lightest loads (<10% MVC). After training, there was no difference in steadiness 

between the shortening and lengthening contractions, except with the lightest load. Old 

adults can achieve significant improvements in the strength and steadiness of a hand 

muscle when training with light or heavy loads. 
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When old adults perform steady submaximal contractions, the fluctuations in 

force and acceleration are greater than those exhibited by young adults. The standard 

deviation of the fluctuations is greater for old adults in both isometric constant-force 

contractions (Galganski et al., 1993, Keen et al., 1994) and anisometric constant-load 

contractions (Laidlaw et al., 1996, Burnett et al., 1998; Graves et al., 1999), especially at 

the lowest forces and the lightest loads. Additionally, the standard deviation of 

acceleration during lengthening contractions is greater compared with shortening 

contractions for old adults, but not for young adults (Burnett et al., 1998; Graves et al., 

1999). The greater standard deviation of the fluctuations in force and acceleration that is 

exhibited by the old adults indicate that they are less steady when performing these tasks. 

After participating in a strength-training program, old adults improve the 

steadiness of submaximal isometric contractions, especially at the lowest forces (Keen et 

al., 1994). However, the protocol that produced this finding did not distinguish between 

the role of strength training and practice in mediating these improvements in steadiness. 

To make this distinction, we compared the effects of practice and strength training on the 

steadiness of old adults. The purpose of the study was to assess the effect of light- and 

heavy-load strength training on the ability of old adults to perform steady isometric and 

anisometric contractions. We found that both the light- and heavy-load training produced 

significant increases in strength, with a greater gain experienced by the heavy-load group. 
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Furthermore, training improved the steadiness of isometric contractions at low forces and 

the steadiness of anisometric contractions with light loads for both groups. 
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METHODS 

Subjects and Test Muscle 

Experiments were performed on the left hand of 32 older adults (19 females, 13 

males; 60-91 yrs) with no known neuromuscular disorders. Subjects were randomly 

assigned to one of three groups: a heavy-load training group (4 females, 4 males; 60-76 

yrs), a light-load training group (4 females, 4 males; 62-77 yrs), and a control group (9 

females, 7 males; 66-91 yrs). Each subject participated in five experimental sessions that 

comprised an initial experiment and one experiment after each of four consecutive weeks. 

The Human Subjects Committee at the University of Colorado approved all experimental 

procedures and all subjects gave their informed consent prior to participation in the study. 

The muscle tested in this study was the first dorsal interosseous, which is located 

between the thumb and index finger. This muscle controls abduction of the index finger 

away from the longitudinal axis of the hand and contributes as a synergist to flexion of 

the metacarpophalangeal joint of the index finger. First dorsal interosseous is especially 

active during the pinch grip (Darling et al., 1994). It is a flat, triangular muscle with two 

heads that are separated by a fibrous arch. The ulnar head arises from the dorsal surface 

of the ulnar border of the first metacarpal whereas the radial head arises from the 

proximal three-quarters of the radial border of the second metacarpal. The common 

tendon attaches to the radial side of the proximal phalanx of the index finger (Eyler & 

Markee, 1954). It is relatively easy to record the electrical activity by means of surface 

and intramuscular electrodes without significant interference from neighboring muscles. 
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and to record the abduction force exerted by the index finger due solely to the action of 

the first dorsal interosseous muscle (Chao et al., 1989). 

Experimental Setup 

The experiments were conducted with the subjects seated and facing an 

oscilloscope, which was positioned 1.2 m away at the level of the subject's eyes. For the 

isometric and anisometric tasks, the index finger was placed in an individualized 

polyvinyl silicone mold and strapped inside an L-shaped delryn splint. The splint was 

placed along the lateral and ventral surfaces of the index finger to keep the 

interphalangeal joints extended. The left arm was abducted with the elbow joint 

positioned directly below the shoulder and flexed to a right angle. The hand and forearm 

were placed prone on a manipulandum with restrained with several devices, as described 

previously (Keen et al., 1994). 

Mechanical Recording 

Isometric Contractions. With the hand positioned in the manipulandum so that 

the index finger was abducted 5-deg from the neutral position, a force transducer 

(Sensotec model 13) attached to the delryn splint detected the abduction force at the 

proximal interphalangeal joint. The sensitivity of the force transducer used during the 

high-force tasks was 0.053 V/N (linear range: 0-220 N), whereas more sensitive force 

transducers (0.54 V/N, linear range 0-22 N; 1.01 V/N, linear range 0-9.81 N) were used 

for the low-force tasks. 
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Anisometric Contractions. A low-friction, linear variable differential transducer 

(LVDT; novotechnik) was used to detect the abduction displacement of the index finger 

about the first metacarpophalangeal joint. The LVDT was mounted on an extended 

delr> n platform and it was positioned perpendicular to the index finger in the initial 

position (5-deg abduction). This configuration minimized the error in the linear 

recording of angular motion. The LVDT was attached to the delryn splint with a low-

friction, ball-and-socket joint, allowing for free movement of the index finger through its 

range of motion (10-deg). The LVDT was calibrated for each subject and session over 

the range of motion. 

Electrical Recording 

The electromyogram (EMG) of the left first dorsal interosseous muscle was 

recorded with bipolar surface electrodes (4 mm diameter; silver-silver chloride) that were 

positioned ~8 mm center-to-center apart on the skin overlying the mid-belly of the 

muscle. A common electrode (4 mm diameter; silver-silver chloride) was placed on the 

styloid process of the ulna on the dorsal surface of the hand. The surface EMG signals 

were amplified (1,000-10,000 times), band-pass filtered (20-800 Hz), and displayed on an 

oscilloscope. 

Experimental Procedures 

Each of the 32 subjects was asked to perform four tasks with the index finger and 

the first dorsal interosseus muscle: 1) isometric maximum voluntary contractions (MVC) 
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in the abduction direction; 2) evoked responses (whole-muscle twitches and M-waves); 

3) isometric constant-force trials; and 4) anisometric constant-load trials. The isometric 

tasks were performed with the index finger in the neutral position. 

MVC. The MVC task consisted of a gradual increase in the abduction force 

exerted by the index finger fi-om baseline to maximum in 3-4 s and then sustained at 

maximum for 1-2 s. The subject monitored the index finger force on an oscilloscope. 

The timing of the task was based on a verbal count given at 1-s intervals, with vigorous 

encouragement from the investigators when the force trace began to plateau. One or two 

practice trials were performed prior to two MVC trials. Subsequent trials were performed 

if the difference between the first two MVCs was >5%. The trial with the greatest peak 

force was used for analysis. The subject rested for 60-90 s between consecutive trials. 

Evoked Responses. The M-waves and twitches were elicited in first dorsal 

interosseous by percutaneous stimulation of the ulnar nerve at the wrist. Three responses 

were evoked in a relaxed muscle by supramaximal electrical stimuli (0.1 ms duration, 0-

240 V) that were provided by a Grass S-8800 stimulator in series with a Grass SIU8T 

stimulus isolation unit. The shocks were delivered through a bipolar electrode that was 

placed on the ventromedial aspect of the forearm. The electrode was placed 3-5 cm 

proximal to the wrist joint. The cathode was positioned at the location that maximized 

the peak-to-peak amplitude of the M-wave. Once the cathode position was determined, 

the electrode was held firmly in place and the stimulus intensity was increased to a 

supramaximal level. A response was elicited every 3 s. Twitch force was monitored 
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during this process to ensure that the measurements were not affected by the previous 

activation of the muscle. 

Constant-Force Task. Target forces were set at 2.5%, 5%, 10% and 20% of MVC 

force. The subject gradually increased the abduction force during an isometric 

contraction to the target force displayed on the oscilloscope, and held the force steady at 

the target force for 30 s. The sensitivity of the force display was set relative to the target 

force so that the distance from the baseline to target force was 3-4 vertical divisions on 

the oscilloscope. The subject performed one trial at each target force. The order of the 

trials was varied. 

Constant-Load Task. A weight that matched the target force for the constant-

force task was attached to a line and connected to the splint at the proximal 

interphalangeal joint, providing a load in the adduction direction. Three trials were 

performed with the index finger moving through a 10-deg range of motion from the 

neutral position. The subject raised and lowered the weight during 6-s of abduction and 

6-s of adduction, respectively. A triangular template was displayed on the oscilloscope 

and the subject was given practice trials to become familiar with the timing and 

amplitude of the index finger movement. The subject was instructed to match the index 

finger displacement with the desired template as closely as possible. 

Strength Training 

The two training groups participated in a 4-week strength-training program with 

the first dorsal interosseus muscle. The hand was restrained with the palm facing down 
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on a training device (Keen et al., 1994) that was designed to allow abduction of the index 

finger against a load. Hand position was maintained by restraints for both the middle 

finger and thumb. A splint on the index finger was secured at the proximal 

interphalangeal joint to a string through a pulley and attached to the load. Each subject 

used a custom-fitted board so that the position of the hand and digits remained constant. 

The subjects trained 3 times per week for 4 weeks. Each training session 

comprised 6 sets of 10 repetitions, with each repetition comprising the entire range of 

motion in the abduction-adduction plane (~20-deg). The training loads were based on the 

maximum load that the index finger could lift one time (one-repetition maximum, 1-RM 

load) by contracting the first dorsal interosseous muscle. The heavy-load group 

performed the movement against 80% of the 1-RM load and the light-load group used 

10% of the 1-RM load. The 1-RM load was measured weekly and the training loads 

were set accordingly. Additionally, a metronome set to 40 beats per minute was used 

during training to standardize the timing of the finger movements so that the shortening 

and lengthening contractions each lasted about 1.5-s. All training was performed at the 

laboratory under supervision. 

Data Analysis 

All data collected during the experiments were recorded and stored in digital 

format (Sony PC 116 DAT recorder; bandwidth DC to 2.5 kHz) and analyzed off-line 

using the Spike2 data analysis system (Cambridge Electronic Design) with custom-

designed software. 
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The dependent variables for the MVC task were peak abduction force and the 

average of the full-wave rectified EMG (AEMG) for a 0.5-s window centered at the peak 

force. For the evoked responses, the average of the three trials was used for each 

variable. The dependent variables were: (1) peak-to-peak-amplitude of the M-wave; (2) 

peak twitch force; (3) time to peak twitch force (contraction time); and (4) one-half 

relaxation time. The M-wave amplitude was used to assess the relative activation of the 

first dorsal interosseous muscle during the MVC task. 

The dependent variables for the constant-force task were standard deviation of the 

force fluctuations within a 20 s window, coefficient of variation of the force (standard 

deviation/mean force x 100), and AEMG in a 2-s window when the force was relatively 

constant. 

For the constant-load task, the steadiness of the movement was determined by 

measuring the variations in position about the average movement velocity. Least-squares 

regression was used to determine the average velocity and the slope of the regression line 

was subtracted fi-om the data to remove the trend (average velocity) from the position 

data. The detrending procedure resulted in a more conservative measure of fluctuations 

in position because the magnitude of the standard deviation is always lower when 

measured perpendicular to the average velocity. The dependent variables were maximum 

abduction of the index finger, average movement velocity, and standard deviation of the 

detrended position data for the entire (~6-s) and middle (~4 s) phases of the shortening 

and lengthening contractions. The middle 4 s was analyzed to remove the end effects of 

each phase; that is, the onset of movement with a shortening contraction, the transition 
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from the shortening to the lengthening contraction, and the completion of the lengthening 

contraction. Additionally, separate analyses were performed on the steadiest 

performance (the minimum standard deviation) of each phase, for each subject and load 

condition within a session. 

Statistical Analysis. A two-factor analysis of variance (ANOVA) with a repeated-

measures design (1 factor between and 1 within) was used to compare the dependent 

variables for the MVC and Evoked Responses between the three groups, across sessions, 

and the group-by-session interaction. A two-factor ANOVA (1 factor between and 1 

within) was used to compare the Constant-Force and Constant-Load dependent variables 

between groups, across forces/loads, and the group-by-force/load interaction. A three-

factor analysis of variance (ANOVA) with two repeated-measures (1 factor between and 

2 within) was applied to the Constant-Load data to compare the dependent variables 

between groups, across sessions and contraction type, and the interactions. An alpha 

level of 0.05 was chosen for all initial statistical comparisons, with multiple comparisons 

performed when necessary to determine between group, force/load and contraction type 

(shortening vs. lengthening) differences. All results are reported as mean ± SE. 



RESULTS 

The effects of the light- and heavy-load training were determined after one, two, 

three, and four weeks of training, and were compared with data obtained before the 

beginning of training and with the control group. Prior to training, there were no 

between-group differences for any of the dependent variables. The main findings of the 

present study were that both light- and heavy-load training caused an increase in 1-RM 

load and MVC force and an increased ability to perform steady, low-force isometric and 

slow shortening and lengthening contractions (Figure 24). 
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FIGURE 24. Representative trials for the anisometric constant-load trials performed by 

an old subject in the heavy-load training group before (A) and after (5) four weeks of 

strength training. The load for these trials corresponded to 2.5% MVC force. These 

records show that prior to training, the subject had greater fluctuations in position about 

the average velocity during the shortening (increase in position) and lengthening 

(decrease in position) contractions compared with after training. Moreover, the greatest 

improvement in steadiness occurred during the lengthening contraction. 
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FIGURE 24. Legend on preceding page. 
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Strength Tasks 

There were no between-group differences for the 1-RM load or the MVC force 

prior to training. The initial strength values for all 32 subjects were 10.3 ± 0.8 N for the 

1-RM load and 28.7 ± 1.4 N for the MVC force. Although the men were initially 

stronger than the women in both the 1-RM load (11.9 ± 1.0 N vs. 9.3 ± 0.5 N) and MVC 

force (33.5 ± 1.8 N vs. 25.4 ±1.8 N), there was no interaction between group and gender 

on the initial strength measurements. 

Both the light- and heavy-load groups experienced significant strength gains in 1-

RM load and MVC force after four weeks of training (Table 11 and Figure 25). The 1-

RM load increased by 38.1 ± 4.2% for the heavy-load group and by 22.8 ± 5.7% for the 

light-load group (Figure 25A); these increases were not statistically different (Table 11). 

MVC force increased by 44.2 ± 8.4% for the heavy-load group, which was greater than 

the 13.0 ± 5.1% increase achieved by the light-load group (Figure 25B). Comparisons of 

strength gains for men and women within the two groups showed that both men and 

women experienced similar strength gains in 1-RM load and MVC force; that is, there 

was no group-by-gender interaction. Men in the light-load group increased 1-RM load by 

24.7 ± 6.3% and the women experienced an increase of 20.9 ± 10.5%. Similarly, the 

gains in MVC force were 16.6 ± 7.3% for the men and 10.3 ± 7.7% for the women. The 

men in the heavy-load group demonstrated gains of 40.9 ± 7.3% in the 1-RM load and 

55.3 ± 13.3% in the MVC force, while the gains for the women were 35.3 ± 5.0% for 1-

RM load and 32.9 ± 8.5% for MVC force. 



TABLE 11. Group and gender results for maximum voluntary contraction (MVC) and one-repetition maximum (1-RM) strength 

MVC Force (N) 1-RM Load (N) 

Before After % change Before After % change 

Control 28.3 (2.5) 29.4 (2.2) 1.4 (4.6) 9.3 (0.9) 9.8(1.8) 2.9(11.5) 

Men 33.4 (3.8)§ 33.8 (2.6)§ 1.1 (9.6) 9.7 (1.3) 10.4 (2.8) 3.9 (3.9) 

Women 25.2 (3.0) 27.4 (2.8) 2.2 (5.3) 8.3 (1.1) 8.6 (0.8) 2.3 (18.1) 

Lisht 31.1 (2.2) 35.2 (3.2) 13.0 (5.1)*t 11.8(1.2) 14.4(1.2) 22.8 (5.7)*t 

Men 35.7 (2.4)§ 41.5 (5.4)§ 16.6 (7.3) 13.8 (1.8) 17.0(1.9)§ 24.7 (6.3) 

Women 27.9 (1.7) 30.5 (1.9) 10.3 (7.7) 9.8 (0.7) 11.8 (1.3) 20.9 (10.5) 

Heavv 27.4(2.1) 39.9 (4.5) 44.2 (8.4)*tt 10.1 (0.9) 13.8(1.2) 38.1 (4.2)*t 

Men 31.4 (2.8)§ 51.7 (7.4)§ 55.3 (13.3) 11.8 (2.5) 16.4(1.1)§ 40.9 (7.3) 

Women 23.4 (1.0) 31.1 (2.5) 32.9 (8.5) 8.2 (0.6) 11.1 (1.0) 35.3 (5.0) 

Values shown are group means ± (SE) for before (week 0) and after (week 4) training. 

Gender comparisons depict differences in strength within a group. 

* p<0.05 after vs. before training 

t p<0.05 light vs. control, heavy vs. control 

$ p<0.05 heavy vs. light 

§ p<0.05 men vs. women 
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FIGURE 25. Strength measures over the four weeks of training for the control subjects 

(A), light-load training subjects (•), and the heavy-load training subjects (O). Data shown 

represent mean ± SE. While there were no changes for the control group, both the light-

and heavy-load training groups had significant gains in 1-RM load (A) and MVC force 

(B) after four week of training. The relationship between 1-RM load and MVC force for 

the light- and heavy-load training subjects across the five experimental sessions was linear 

(C). Each data point represents the MVC force and 1-RM data for an individual subject 

either before (O •) or after (• •) training. The dashed regression line is for the before-

training data and the solid regression line is for the after-training data. The regression 

lines were not significantly different from each other. 
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Figxire 25 illustrates that there were differences between the two training groups 

in the time course of the strength gains. The heavy-load group had a 16.7 ± 5.0% gain in 

1-RM load after one week and a 28.1 ± 9.5% increase in MVC force after three weeks. 

The increase in MVC force after the second week of training was substantial, but not 

statistically significant (19.2 ± 13.2%, p = 0.08). In contra^ the 1-RM load for the light-

load group increased after three weeks of training (13.3± 6.6%), while the gaiils in MVC 

force were not evident until the fourth week (13.0 ± 5.1%). Analysis of covariance 

indicated that the relationship between l-RM load and MVC force was the same for the 

three groups of subjects both before and after the training program. This indicated that 

the strength gains observed for a given subject were similar for the two strength 

measures. Figure 25C shows that the linear relationship between 1-RM load and MVC 

force for the subjects in the light- and heavy-load groups was similar before and after 

training. 

Because there was no increase in strength for the control subjects, the reliability 

of subject perforaiance and experimental conditions across the five experimental sessions 

was assessed for 1-RM load and MVC force. The intraclass correlation coefficients for 

1-RM load and MVC force across the five sessions were 0.98 and 0.93, respectively. 

This analysis indicated that the two strength measures were highly reliable for individual 

subjects across the five sessions. 

There were no between-group differences or any changes in the absolute AEMG 

for first dorsal interosseous across the five experimental sessions (Figure 26). To reduce 

some of the variability in EMG measurements due to differences in skin impedance and 



electrode placement between subjects and across sessions, the AEMG amplitude was 

normalized to the amplitude of the evoked compound muscle action potential (M-wave). 

Despite this adjustment, there were no group differences or changes in the normalized 

AEMG amplitude across the five experimental sessions (Figure 26). Therefore, the group 

factor was collapsed and the reliability of the AEMG measurement was assessed. The 

intraclass correlation coefficient for normalized first dorsal interosseous AEMG across 

the five sessions was 0.88. 
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FIGURE 26. Absolute (O; mV) and normalized (•; % M-wave amplitude) AEMG 

amplitude for the first dorsal interosseous muscle during isometric MVCs over the four 

weeks of training. Because there were no between-group difTerences, the group factor 

was collapsed (n=32). Data shown represent mean ± SE. These data suggest that the 

gains in MVC force were not due to an increase in the amount of activity in first dorsal 

interosseous. 
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FIGURE 26. Legend on preceding page. 
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Evoked Responses 

There were no differences between the three groups of subjects in the magnitude 

and time course of the evoked responses, either before or after training. Prior to training, 

the peak twitch force was 2.17 ± 0.29 N, 2.36 ± 0.22 N, and 2.04 ± 0.22 N for the control, 

light-load, and heavy-load groups, respectively. The initial twitch contraction time was 

67.2 ±3.2 ms, 71.1 ± 4.9 ms, and 72.1 ± 4.8 ms for the control, light-load, and heavy-

load subjects, respectively. Similarly, one-half relaxation time was 63.7 ± 3.9 ms, 82.3 ± 

5.5 ms, and 77.5 ± 5.2 ms for the control, light-load, and heavy-load groups, respectively. 

When the group factor was collapsed, the average initial values were 2.15 ± 0.16 N, 70.2 

± 2.0 ms, and 71.4 ± 2.8 ms for twitch force, contraction time, and one-half relaxation 

time, respectively. There was no effect of gender on any of the evoked-response 

measures. 

When the reliability across sessions was assessed for the evoked responses, the 

intraclass correlations were 0.95, 0.87, and 0.81 for twitch force, twitch contraction time, 

and one-half relaxation time, respectively. These data suggest that the recording 

conditions from session to session were similar and did not contribute to the strength 

gains or improvements in steadiness found in this study. 
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Constant-Force Task 

There were no differences between the three groups of subjects in any of the 

initial measures of steadiness. As others have reported (Galganski et al, 1993, Keen et 

al., 1994), the standard deviation of force fluctuations increased linearly as a function of 

force for all subjects from 64.9 ± 5.9 niN at the target force of 2.5% to 204 ± 12.4 mN at 

the target force of 20% (SD = 36.9 + 28.5*Target Force, r^=0.68, p < 0.0001). When the 

force fluctuations were normalized to the target force, however, the coefficient of 

variation decreased from 7.26 ± 0.43% at the target force of 2.5% to 3.55 ± 0.20% at the 

target force of 20%. 

The ability of the control subjects to produce steady, isometric contractions at 

submaximal levels did not change in the five experimental sessions over the duration of 

the training program. In contrast, both the light- and heavy-load groups improved 

steadiness significantly (Table 12, Figure 27). For example, after four weeks of training 

the coefficient of variation was reduced by —14% at the target forces of 2.5% and 5% and 

by —32% at the target forces of 10% and 20% for the light-load group. Further, there was 

a 34% decrease in the standard deviation of the force fluctuations at the 20% force. 

Similarly, for the heavy-load group the coefficient of variation for the force fluctuations 

declined by 34 to 47% for the four target forces afiter training compared with before 

training. Moreover, the standard deviations at the target forces of 2.5% and 20% were 

reduced by 18% and 32%, respectively, after training. 



TABLE 12. Absolute (standard deviation; SD) and nomialized (coefficient of variation; CV) amplitude of force fluctuations during 

submaximal isometric constant-force contractions. 

Control Light Heavy 

Before After % change Before After % change Before After % change 

2.5% Force SD(mN) 63.2 58.2 -1.0 69.5 55.2 -9.6 59.8 46.7 -17.6* 2.5% Force SD(mN) 
(10.2) (6.9) (6.3) (15.3) (9.0) (14.2) (6.6) (4.6) (10.2) 

CV (%) 7.31 6.98 -6.2 6.94 5.75 -14.4*t 7.33 4.14 -42.3*t 
(0.69) (0.87) (4.9) (1.34) (1.50) (8.1) (0.37) (0.26) (4.9) 

5% Force SD (mN) 89.5 84.1 1.1 77.4 60.5 -11.0 79.3 58.2 -18.3 5% Force SD (mN) 
(14.2) (8.7) (7.1) (17.8) (5.6) (11.9) (13.1) (8.9) (12.8) 

CV(%) 6.04 5.66 -3.9 4.45 3.44 -13.3*t 4.81 2.89 -34.0*t 
(0.72) (0.66) (6.2) (0.81) (0.58) (4.7) (0.62) (0.33) (8.9) 

]0% Force SD(mN) 128.7 115.0 -6.3 116.3 83.6 -25.4 103.8 70.4 -23.2 ]0% Force SD(mN) 
(16.6) (10.3) (4.6) (11.8) (10.5) (12.0) (14.4) (6.9) (9.0) 

CV(%) 4.30 3.74 -11.9 3.53 2.36 -29.4*t 3.68 1.98 -39.Pt CV(%) 
(0.36) (0.34) (3.3) (0.40) (0.27) (7.8) (0.36) (0.25) (8.4) 

20% Force SD(mN) 203.5 194.1 0.5 202.2 127.8 -33.9»t 200.9 134.4 -32.1*t 20% Force SD(mN) 
(23.1) (16.6) (6.9) (10.4) (5.8) (3.5) (20.1) (16.6) (7.5) 

CV(%) 3.67 3.26 -12.0 3.47 1.97 -37.7*t 3.58 1.88 -47.2*t CV(%) 
(0.35) (0.45) (4.9) (0.31) (0.16) (6.4) (0.24) (0.23) (6.0) 

Values shown are group means ± (SE) for before (week 0) and after (week 4) training. 

* p<0.05 after vs. before training 

t p<0.05 light V5. control, heavy vs. control 
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FIGURE 27. Training-related changes in the absolute (standard deviation; SD) and 

normalized (coefficient of variation; CV) force fluctuations during isometric 

contractions at the 2.5% and 20% forces over time for subjects in the control (O) and 

training (•) groups. Because there were no differences between the training groups, the 

data for the light- and heavy-load subjects were combined (mean ± SE). There were no 

changes in the two measures of steadiness for the control group. At both the 2.5% and 

20% forces, the training groups exhibited parallel changes in the standard deviation and 

coefficient of variation over time. At the 2.5% force, however, most of the improvement 

in steadiness occurred in the first week of training compared with a continual 

improvement at the 20% force. 
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For the two training groups combined, most of the improvement in the steadiness 

of the isometric contractions occurred in the first week of training (Figure 27). Over this 

interval, the absolute and normalized fluctuations declined by 10% to 25% across the 

target forces. For the highest target force, however, steadiness continued to improve over 

the course of the training program. 

Before and after training, the amount of muscle activity during the constant-force 

contractions was not different for the three groups when performing the isometric tasks. 

Further, there were no significant training-related changes in AEMG (% MVC). When 

the group factor was collapsed, the normalized AEMG for first dorsal interosseous before 

training was 5.91 ± 0.44%, 9.17 ± 0.56%, 14.9 ± 0.84%, and 27.4 ± 2.25% for the 2.5%, 

5%, 10%, and 20% forces, respectively. These results produced a linear relationship 

between AEMG and target force (AEMG = 2.11 + 1.23*Target Force, r^= 0.60, p < 

0.0001). Similarly, after training there were no group differences and the relationship 

between the normalized AEMG and target force was comparable to that for before 

training (AEMG = 3.66 + 1.22*Target Force, r^ = 0.63, p < 0.0001). 

Constant-Load Task 

After four weeks of training, both the light- and heavy-load groups were steadier 

with slow shortening and lengthening contractions compared with the control subjects 

(Figure 28). Because there were no differences in the responses of the two training 

groups with the constant-load task, the data for the light- and heavy-load groups were 

pooled for comparison with the control subjects. Before training, there were no between-
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group differences (control vs. trained) across all four loads in the average or minimum 

standard deviation of position about the average velocity during the shortening and 

lengthening contractions. Further, there were no differences across the four loads in the 

measure of steadiness (Table 13). 



TABLE 13. Standard deviation of position (deg) during the middle 4-s of the shortening (S) and lengthening (L) contractions. 

Control Trained 

Before After % change Before After % change 

2.5% Ave 0.31 0.38t 0.29 0.40t 0.4 6.8 0.31 0.43t 0.22 0.32t -24.6*t -i7.8»n 
(0.04) (0.03) (0.02) (0.05) (7.5) (12.6) (0.02) (0.07) (0.02) (0.04) (5.7) (6.1) 

Min 0.21 0.28t 0.19 0.29t -1.4 10.9 0.24 0.33t 0.17 0.20 -29.5*J -28.1*t 
(0.04) (0.02) (0.01) (0.03) (8.1) (13.3) (0.01) (0.06) (0.02) (0.02) (6.4) (5.1) 

m Ave 0.33 0.46t 0.30 0.37t -9.7 -5.1 0.33 0.40t 0.26 0.31 -19.2^ -13.9*t m 
(0.03) (0.08) (0.03) (0.04) (6.9) (10.4) (0.02) (0.07) (0.02) (0.02) (8.3) (7.9) 

Min 0.22 0.31t 0.19 0.26t -16.6 3.7 0.26 0.31 0.18 0.20 -26.1* -26.6*t 
(0.01) (0.05) (0.02) (0.03) (7.3) (14.4) (0.02) (0.04) (0.02) (0.02) (7.9) (7.0) 

10% Ave 0.34 0.46t 0.30 0.34t -6.7 -2.6 0.34 0.42t 0.26 0.30 -20.1*% -20.5n 10% 
(0.03) (0.06) (0.04) (0.03) (8.1) (20.1) (0.02) (0.05) (0.02) (0.03) (6.0) (6.0) 

Min 0.24 0.29t 0.21 0.25t -3.6 -9.0 0.26 0.29 0.17 0.21 -28.4*t -\S.4*t 
(0.02) (0.03) (0.02) (0.02) (11.5) (11.2) (0.03) (0.04) (0.02) (0.02) (5.3) (7.9) 

20% Ave 0.42 0.37 0.38 0.38 -2.7 9.7 0.36 0.40 0.29 0.27 -12.3*t -27.8*t 20% 
(0.04) (0.04) (0.05) (0.03) (9.8) (9.1) (0.03) (0.05) (0.03) (0.02) (7.5) (6.0) 

Min  0.26 0.29 0.24 0.26 -4.8 3.3 0.24 0.30t 0.22 0.19 -i.s*x -33.4*t 
(0.02) (0.03) (0.02) (0.04) (6.9) (14.8) (0.01) (0.03) (0.02) (0.02) (7.3) (6.5) 

Values shown are group means ± (SE) for the average and minimum values before (week 0) and after (week 4) training. 

Group comparisons represent differences in changes in the standard deviation. 
* p<0.05 after V5. before training 

t p<0.05 shortening vs. lengthening contractions 

X p<0.05 trained vs. control 
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When the before-training data were collapsed across loads and averaged across 

the three trials for the 32 subjects (Table 13), the standard deviation for the entire 6-s of 

the shortening contractions was 0.52 ± 0.01 deg. In contrast, the standard deviation for 

the lengthening contractions was 0.61 ± 0.02 deg, which was significantly greater than 

the value for the shortening contractions. When the movement transitions were removed 

and the data for the middle 4 s of each contraction were examined, the results were 

similar with the lengthening contraction less steady than the shortening contraction (0.34 

± 0.01 deg vs. 0.41 ± 0.02 deg). These relationships were similar when the comparisons 

were based on the trials with the minimum standard deviation. 



FIGURE 28. Training-related changes in the steadiness of shortening (O#) and 

lengthening (• •) contractions at all loads over time for the training group subjects. The 

trend was similar for the average (A) and minimum (B) standard deviation (SD) of 

position during the shortening and lengthening contractions before (O •) and after (••) 

four weeks of training. There were no significant changes for the control group. In 

contrast, the training groups generally exhibited parallel changes in the steadiness of 

shortening and lengthening contractions over the four weeks of training. Because there 

were no differences between the training groups, the data for the light- and heavy-load 

g r o u p s  w e r e  c o m b i n e d  a n d  i n d i c a t e s  t h e  m e a n  ±  S E .  T h e  a v e r a g e  s t a n d a r d  d e v i a t i o n s  ( A )  

for the shortening and lengthening contractions at all loads were reduced after four weeks 

of training. Except for the shortening contractions with the 20% load, the minimum 

standard deviations (B) were also reduced after training. Further, the absolute training-

related changes were typically greatest for the lengthening contractions compared with 

shortening contractions. 
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There were no changes in any of the dependent variables for the constant-load 

task over the four weeks of the study for the control group. In contrast, both the light-

and heavy-load groups had similar and significant improvements in the ability to perform 

slow, steady shortening and lengthening contractions with the first dorsal interosseous 

muscle (Figure 28). For example, af^er four weeks of training the average standard 

deviation for the shortening contractions declined by 25% for the 2.5% load and by 12% 

for the 20% load. Similarly, there were declines of 18% and 28% in the standard 

deviations for the lengthening contractions at these two loads. These effects were similar 

for both the average and minimum standard deviations with all four loads. 

The training-related improvement in steadiness was not due to changes in the 

amplitude or the average velocity of the movements in either phase of the task 

(shortening or lengthening contraction) or with any load. For the subjects who performed 

the strength training, the average amplitude of index finger displacement was 10.1 ±0.1 

deg during the constant-load task. The average velocity was 1.43 ± 0.01 deg/s for the 

shortening contraction and -1.40 ± 0.02 deg/s for the lengthening contraction. 

Before training, there were no group differences in AEMG for the first dorsal 

interosseous muscle during the constant-load contractions. While the level of muscle 

activity during the shortening and lengthening contractions did not change for the control 

subjects over the four weeks, there were significant training-related decreases in AEMG, 

especially during the lengthening contractions (Figure 29). For example, the normalized 

AEMG declined between 35% and 42% during the lengthening contractions with the four 

loads. In contrast, only the 32% reduction for the shortening contraction with the 20% 



243 

load was significant; the declines of 22% to 29% with the lighter loads were not 

statistically significant. 
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FIGURE 29. Training-related changes in the AEMG amplitude for the first dorsal 

interosseous muscle during the constant-load tasks. Before and after training, the AEMG 

amplitudes for the shortening contractions were greater compared with the lengthening 

contractions with all loads. While the AEMG amplitude during the shortening 

contractions with only the 20% load were reduced after training compared with before, 

the AEMG amplitude for the lengthening contractions was reduced with all loads. 
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FIGURE 29. Legend on preceding page. 
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The main findings of this study were that four-weeks of strength training using 

light or heavy loads increased the strength of a hand muscle in old adults and improved 

their ability to perform steady, low-force isometric and slow shortening and lengthening 

contractions. The increases in strength and the steadiness of isometric contractions could 

not be explained by changes in the average level of muscle activation. However, the 

improvements in steadiness during the anisometric contractions were associated with a 

reduced level of activation of the first dorsal interosseous muscle, especially during the 

lengthening contractions. 

Increases in Strength 

Four weeks of strength training the first dorsal interosseous muscle with light or 

heavy loads resulted in significant gains in MVC and 1-RM strength. The magnitudes of 

the strength gains, however, were different for the two groups. The subjects who trained 

with a heavy load experienced similar gains in 1-RM load and MVC force (38% and 

44%). In contrast, we previously found that the increase in 1-RM load (49%) was much 

greater than the increase in MVC force (14%) when old adults performed a strength-

training program (Keen et al., 1994). It appears to be more common that the gain in 1-

RM load is greater than that for MVC force after participation in a strength-training 

program, which is usually interpreted to indicate a significant role for coordination in the 

improvement in performance (Jones & Rutherford, 1987, Rutherford & Jones, 1986). 



247 

One possible explanation for the greater gains in MVC force relative to 1-RM 

load found in the current study might be the level of constraint imposed on the subjects 

during training. All training was performed in the laboratory under supervision, with 

strict control of hand position and the timing of each repetition. Because the goeil of both 

the training and the testing sessions was to isolate the function of the first dorsal 

interosseus muscle, the task was highly constrained. The literature suggests that the 

specificity of a strength gain is most evident when the training involves movements that 

are minimally constrained (Rutherford & Jones, 1986, Semmler & Enoka, In Press, 

Wilson et al., 1996). 

In contrast to the comparable gains in MVC force and 1-RM load achieved by the 

heavy-load group, the light-load group realized a greater increase in 1-RM load (23%) 

than MVC force (13%). The relative increase in 1-RM load for the light-load group, who 

trained with loads that were 10% of the 1-RM load, was not statistically different to that 

for the heavy load group. However, the heavy-load group experienced a greater increase 

in MVC force (44% vj. 13%). Several groups have examined the effects of exercising 

with light loads. In general, these results have been mixed with some groups finding a 

significant training effect and others not (Agre et al., 1996, Almasbakk & Hoff, 1996, 

Lord et al., 1993, Reinsch et al., 1992). However, light-load training that focuses on the 

control of movement does appear to have some positive effects on the performance 

capabilities of older adults (Almasbakk & Hoff, 1996, Lan et al., 1998, Wolf et al., 

1996). 
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The change in MVC force over the course of the 4-week training program was 

similar for the control and light-load groups (Figure 25B), which seems reasonable 

because they performed the same number of MVCs. The increase in 1-RM load, 

however, was greater for the light-load group compared with the control group (Figure 

25A). This difference suggests that although the two groups performed the 1-RM task 

about the same number of times, the 12 training sessions with the light load (10% 1-RM) 

appear to have improved the ability of the light-load group to perform this task. Given 

the magnitude of the training load and the duration of the program, it is likely that the 

improvement in performance was mediated by adaptations in the activation of the muscle 

by the nervous system (Semmler & Enoka, In Press). 

Constant-force and Constant-load Tasks 

Keen and colleagues (1994) found that old adults experienced a decrease in the 

magnitude of normalized force fluctuations during isometric contractions after 

participating in a 12-week strength training program with heavy loads. They were, 

however, unable to distinguish between increases in strength and practice as being 

responsible for the improvement in steadiness. In the present study we used light- and 

heavy-load training, along with a control group, to distinguish between the effects of 

strength training and practice on the ability of old adults to perform steady, submaximal 

contractions. 

The steadiness of isometric contractions, as indicated by the standard deviation 

and coefficient of variation of the force fluctuations, improved over the duration of the 
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training program in both the light- and heavy-load groups. The improvement in 

steadiness was similar for the two training groups, which suggests that the increase in 

strength per se probably played a minimal role in the adaptation. Two findings 

underscore this conclusion. First, there were no changes in the steadiness of isometric 

contractions in the control group, who performed an equal number of isometric 

contractions over the five experimental sessions to the subjects in the training groups. 

Second, the two training groups performed an equal number of contractions in the 

training and testing sessions. The improvement in steadiness, therefore, was most likely 

due to a transfer effect from the slow anisometric contractions performed in the training 

program. 

The similar improvements for the light- and heavy-load groups, but not the 

control group, in the steadiness of the shortening and lengthening contractions further 

support the notion of a training effect. The nature of the training effect was that even 

though the loads lifted increased over the four weeks of training, the AEMG during the 

shortening and lengthening contractions actually declined, especially during the 

lengthening contractions. In contrast, there were no changes in the load or EMG activity 

in the control group. Because old adults tend to coactivate the antagonist muscle (second 

palmar interosseus) more than young adults during anisometric contractions (Burnett et 

al., 1998), it is likely that the paradoxical changes in load and AEMG for first dorsal 

interosseus can be explained by a training-related reduction in coactivation of the 

antagonist muscle. 
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Because there were no between-group or across-session differences in the AEMG 

amplitude during the isometric tasks, it is difficult to identify, based on these data, the 

mechanisms underlying the improvement in steadiness during the constant-force 

contractions. However, Laidlaw and colleagues (In Press) found that the reduced 

steadiness of low-force isometric and slow shortening and lengthening contractions in old 

adults was associated with an increased variability in the discharge rate of motor units. 

Given that the maximum discharge rate of motor units at high forces is less in older 

adults (Kamen et al., 1995) and that it increases with training (Patten & Kamen, 1996), a 

significant role for changes in motor unit behavior seems possible. 

In conclusion, a four-week strength-training program of a hand muscle resulted in 

significant strength gains whether subjects trained with light or heavy loads. The 

increases in MVC force were greater for the subjects who trained with heav}' loads, but 

the increases in 1-RM load were similar for the two groups. The strength gains could not 

be explained by an increase in the surface-recorded EMG activity. Further, both groups 

improved their ability to perform steady low-force isometric and light-load anisometric 

contractions. The magnitude of the improvements in steadiness was similar for the two 

groups. In contrast to the isometric contractions, the improvements in steadiness of the 

anisometric contractions were associated with reduced muscle activity, especially during 

the lengthening contractions. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 
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The adaptations in the human neuromuscular system and the associated decline in 

the ability of old adults to perform many of the normal daily activities of living, 

especially those tasks requiring manual dexterity, have been well documented. The 

physiological mechanisms that could account for the differences in the steadiness of 

muscle contractions with age include the size of the motor units that are recruited, the 

pattern of activity in the agonist and antagonist muscles, and the discharge behavior of 

the active motor units. Anatomical and electrophysiological measurements have 

indicated that the irmervation ratio of low-threshold motor units increases with age, 

which increases the average force exerted by these units. Moreover, because it was 

hypothesized that fluctuations in force could be attributed to the unfiised contractions of 

the most recently recruited motor units (Christakos, 1982), two earlier studies focused on 

motor unit size (Galganski et al., 1993; Keen et al., 1994) as a potential mechanism 

underlying the reduced steadiness with age. However, Keen and colleagues (1994) found 

a training-induced dissociation between motor unit size and the steadiness of submaximal 

isometric contractions. Therefore, the experiments described in this dissertation examine 

the activation of the agonist and antagonist muscles and the discharge of motor units on 

the observed impairments of old adults to perform steady submaximal isometric and 

anisometric contractions. The experiments were performed on the first dorsal 

interosseous muscle of the non-dominant hand of young and old subjects. 

The purpose of the study presented in Chapter 2 was to determine the association 

between the steadiness of a muscle contraction and the patterns of activity of the agonist 

and antagonist muscles during isometric and anisometric contractions (Chapter 2; Figure 
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2). Steadiness was quantified by measuring the standard deviation and the coefficient of 

variation of the fluctuations in force and acceleration of the index finger. The old adults 

were less steady with submaximal isometric and amisometric contractions, and were least 

steady when performing the lengthening contractions with the lightest loads (Chapter 2; 

Table 4). Furthermore, although the average amount of activity in the agonist and 

antagonist muscles was greater for the old adults, the reduced steadiness exhibited by the 

old adults could not be attributed to differences in the average level of activation of the 

agonist muscle or to coactivation of the antagonist muscle (Chapter 2; Figure 7). 

Therefore, it does not appear that that the relative amount of activity in the agonist and 

antagonist muscles contributes significantly to the decline in steadiness with age. 

In Chapter 3, the activation in the superficial and deep regions of the first dorsal 

interosseous muscle were compared during postural tasks and slow movements (Chapter 

3; Figure 9) with the index finger in young and old adults. Surface and intramuscular 

electrodes were used to obtain EMG recordings from superficial and deep parts of the 

first dorsal interosseous muscle, respectively. The fluctuations in acceleration during the 

postural and the shortening and lengthening contractions were greater for the old subjects 

compared with young subjects, especially at the lightest load (Chapter 3; Figure 11 and 

14). Further, the decrease in steadiness during the postural tasks was associated with 

significant differences in the relative amount of activity detected by the two electrodes in 

the old subjects (Chapter 3; Figure 11C). In contrast, the young subjects activated the 

deep region to a greater extent than the superficial region during the shortening and 

lengthening contractions, while there were no significant differences in the old subjects 
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(Chapter 3; Table 7). The amount of activity of the antagonist muscle was also greater 

for the old subjects compared with the young subjects during the tasks. It was concluded 

that the reduced ability of old adults to perform steady muscle contractions with the first 

dorsal interosseous muscle during these tasks was not related to differences in the 

activation of deep and superficial regions of the first dorsal interosseous muscle. 

The experiments presented in Chapter 4 compared the steadiness and discharge 

rate of motor units during low-force isometric and anisometric contractions performed by 

young and old adults. Motor unit recordings were obtained using fine-wire electrodes 

inserted into the first dorsal interosseous muscle (Chapter 4; Figure 17). The steadiness 

of the isometric contractions was less for the old subjects compared with young subjects, 

especially at the lower target forces (Chapter 4; Figure 19). While the average discharge 

rates of motor units were not different for the two groups of subjects, the variability of 

the discharge rates was greater for the old subjects during the isometric contractions 

(Chapter 4; Table 10). Similarly, the old subjects were less steady when performing slow 

anisometric contractions compared with the young subjects, especially with the 

lengthening contractions (Chapter 4; Figure 21). Moreover, the discharge rate of motor 

units was more variable for the old subjects during both the shortening and the 

lengthening contractions compared with the young subjects, and was more variable for 

the old adults during the lengthening contractions compared with the shortening 

contractions (Chapter 4; Table 10). There was a strong association between the 

steadiness of the contraction and the variability of the discharge rate of the recorded 

motor units. These findings suggested that a more variable discharge by single motor 



255 

units contributed to the reduced ability of old adults to perform steady muscle 

contractions during these tasks. 

The purpose of the study described in Chapter 5 was to determine the effect of a 

four-week light- and heavy-load strength-training program on the ability of old adults to 

perform steady submaximal isometric and anisometric contractions. The subjects 

experienced significant strength gains in MVC force and 1-RM load whether they trained 

with light or heavy loads, but the increase in strength could not be explained by an 

increase in the surface-recorded EMG activity (Chapter 5; Figure 26). Further, both 

groups improved their ability to perform steady low-force isometric and light-load 

anisometric contractions (Chapter 5; Figure 28, Table 12). The magnitude of the 

improvements in steadiness was similar for the two groups. In contrast to the isometric 

contractions, the improvements in steadiness of the anisometric contractions were 

associated with reduced muscle activity, especially during the lengthening contractions 

(Chapter 5; Figure 30). It was concluded that the gains in strength and improvements in 

steadiness observed in both training groups were likely due to changes in the discharge 

behavior of motor units, along with a training-related reduction in coactivation of the 

antagonist muscle. 

This dissertation was comprised of experiments that examined potential 

mechanisms that could contribute to the decline in steadiness with age. Taken together, 

the findings indicate that the recruitment and modulation of the discharge rate of motor 

units changes with age. However, a limitation of the methodologies employed in the 

experiments is that it was not possible, with current experimental and analysis techniques. 
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to demotistrate direct causal relationships between the proposed mechanisms and 

steadiness. It is necessary, therefore, to expand the scope of measurements to include a 

greater range of low- to high-threshold motor units, and varying contraction types and 

sequences to identify the boundary conditions under which changes in discharge behavior 

with age occur. Another possibility is to use computer simulations, which have been 

developed based on experimental data (Fuglevand et al., 1993; Yao et al., 2000), to 

explore the relationships between changes in the discharge behavior of motor units with 

age and the steadiness of the simulated muscle force. 
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