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ABSTRACT 

Tnink control is intriguing because trunk muscles must meet multiple requirements 

during the performance of everyday tasks (e.g., balancing, locomotion, musical 

instrument playing, reaching, trunk bending, vocalizing). A unique feature of trunk 

muscles is that ±ey often participate in simultaneous trunk movement and breathing-

related behaviors. This study was designed to test the hypothesis that two voluntary task-

specific muscle activity patterns could combine linearly when both tasks activate the same 

muscles. Surface electromyograms (EMG) were recorded &om four trunk sites (upper 

and lower lateral abdominal, medial and lateral back) during the performance of a trunk 

task, pulsed expiration task, and combined task (trunk + pulsed expiration task). The 

trunk task varied across four experiments, and included a static holding task or a uni­

directional movement task in both flexion and extension directions. The expiration task 

was constant. Selected task variables Gung volume, movement amplitude and duration, 

expiratory target pressure) were consistent across all tasks. 

For each EMG site, a linear prediction (predicted EMG trace) was calculated from 

the mathematical addition of the task-specific EMG recorded during the individual trunk 

and expiration tasks. This linear prediction was compared to the actual nauscle activity 

recorded during the combined task (measured EMG trace) and a point-to-point correlation 

was performed on the two traces to determine how closely they matched. Findings 

showed that in just over half the comparisons, the combined muscle activity pattern 

(measured EMG trace) was the same as a linear addition of each individual muscle activity 

pattem (predicted EMG trace). Such linear addition implies that two sets of descending 

command signals reach motoneuron pools essentially unmodified, and that motoneurons 

supplying trunk muscles may be specially organized to receive dual and simultaneous 

voluntary neural drive. In the remaining comparisons, the EMG activity for the two 

individual tasks, were superimposed, but not linearly. This finding suggests that 



although individual muscles are activated as a unit, selected muscles may be modified by 

sensory feedback. This flexibility allows the nervous system to take advantage of a 

muscles mechanical effectiveness and to adapt to environmental constraints without 

having to reconfigure or construct a new set of instractions. 



1. INTRODUCTION 

The neural control of trunk muscles is intriguing because trunk muscles must meet 

multiple requirements during the performance of everyday movements, such as, trunk 

bending, reaching, locomotion, and balancing. During bending, trunk muscles are 

required to act as pdme movers to accelerate the trunk (Crenna, Frigo, Massion, & 

Pedotti 1987; Oddsson & Thorstensson, 1987a; Thorstensson, 1985). During reaching 

and locomotion, they are often required to anticipate disturbances of balance associated 

with goal-directed arm (Aruin & Latash, 1995; Bouisset & Zattara, 1981) and/or leg 

(Hodges & Richardson, 1997) movements. During multijoint reaching movements, trunk 

muscles may assist the more distal motion by making use of inertial effects (Tyler & 

Hasan, 1995). To maintain balance, these muscles are activated to restrict trunk 

movement in response to external perturbations (Cresswell, Oddsson, & Thorstensson 

1994; Horak & Nashner, 1986; Moore, Brunt, Nesbitt, & Juarez 1992), or in anticipation 

of trunk movement during locomotion (Thorstensson, Carlson, Zomlefer, & Nilsson 

1982). Trunk muscles also participate in breathing-related behaviors. These include 

breathing while at rest or while exercising, special acts of breathing such as speaking and 

wind-instrument playing, expulsive maneuvers like childbirth and defecation, and 

protective reflexive acts such as coughing and sneezing. 

A unique feature of trunk muscles is that they often participate in movement and 

breathing-related behaviors simultaneously. A marching-band hom player provides an 

obvious example of someone who must use trunk muscles to meet simultaneous 

movement and breathing requirements. For example, while standing and marching, 

abdominal and back muscles are activated to move the trunk during forward and 

backward bending maneuvers. At the same time, intercostal and abdominal muscles are 

activated to generate the driving pressure needed to expel air fix)m the lungs into the 

mouthpiece for hom playing. 



Because the same trunk muscle may be recruited simultaneously in the performance 

of two different tasks — for example, trunk bending and breathing by the horn player — it 

is difficult to separate out the muscle's contribution to each task. To study this inherendy 

complex issue, it is necessary to first identify two tasks that can be performed separately 

and then in combination, and that require activity of the same muscle. Furthermore, the 

muscle activity pattem for each task must be distinct enough so that it can be recognized 

and studied when the rasks are combined. Perhaps these dif5cult-to-meet requisites 

explain why there is so little published research on this topic. 

Certain specialized limb muscles have been shown to perform multiple functions 

because they pull in more than one direction, or because ±ey span more than one joint 

(e.g., biceps, van Zuylen et al., 1988; flexor digitorum interosseus, Laidlaw et al., 1994; 

sartorius, Hoffer et al., 1987). For the biceps and sartorious muscles, these studies 

showed that separate motor units were recruited for each direction (flexion-supination;) or 

fimction (early swing, late swing, stance), respectively. These findings suggest ±at 

multifimctional muscles might be innervated by subpopulations of motoneurons (MNs), 

perhaps with each subpopulation responding to different combinations of inputs and 

displaying different recruitment patterns. None of these studies of limb muscles have 

demonstrated, however, that subpopulations of MN's in these specialized limb muscles 

can be linearly recruited during a combined task. That is to say, can limb muscles 

combine activity patterns &om different subpopulations of MNs, associated with the 

performance of each task independently? 

Trunk muscles are recruited during combined tasks but the EMG has not been 

quantified to determine if the muscle activation levels related to the two independent tasks 

added in the combined task (Rimmer, Ford, & Whitelaw 1995; Cresswell & 

Thorstensson, 1989). Both studies showed that when two tasks were combined, the 

activity level of a given trunk muscle increased above the level associated with each task 
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independently. In the Rimmer et al. study, electromyographic (EMG) activity from the 

internal intercostal muscles was recorded during an isometric trunk rotation and resting 

tidal breathing task. Results showed tonic, large-amplitude muscle potentials associated 

with isometric trunk rotation alone. When tidal breathing was superimposed on isometric 

trunk rotation, there were phasic increases in the tonic muscle activity during each 

inspiration. 

The smdy by Cresswell and Thorstensson (1989) also revealed increased trunk 

muscle activity during simultaneous trunk and breathing tasks. They recorded the levels 

and patterns of EMG activity from a trunk flexor/extensor muscle pair during three tasks; 

a Valsalva maneuver (expiratory effort with the larynx closed), Valsalva plus isometric 

trunk flexion (against resistance), and a Valsalva plus isometric trunk extension (against 

resistance). Their results showed that when a Valsalva maneuver was combined with 

isometric trunk flexion, trunk flexor EMG increased markedly while trunk extensor EMG 

remained "Valsalva-like." Similarly, when a Valsalva maneuver was combined with 

isometric trunk extension, trunk extensor EMG increased markedly while trunk flexor 

EMG remained "Valsalva-like." In other words, the overall muscle activity pattem 

appeared to reflect a combination of the two muscle activity patterns. These findings, and 

those of Rimmer et al. (1990), suggest that the MN inputs for the different muscle activity 

patterns associated with breathing and isometric trunk tasks may sum and result in 

increased activity of a muscle that is already activated. 

Although these two studies offer valuable insights, neither satisfies ail the necessary 

requisites for sorting out the relative contributions of a muscle or muscle pair to each task 

when performed separately or in combination. Such requisites include characterization of 

aU coQ^nents of the motor performance: the individual trunk task, the individual 

breathing task, and the simultaneous trunk and breathing task. Rimmer et al. (1995) 

quantified the EMG for the individual trunk task and for the simultaneous trunk and 
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breathing task; however, they did not quantify the EMG for the individual breathing task. 

Similarly, Cresswell and Thorstensson (1989) quantified the EMG for the individual 

breathing task and for the simultaneous trunk and breathing task, but not for the 

individual trunk task. 

The interpretation of these two studies is further limited by their failure to control 

several important variables. For example, Rimmer et al. (1995) did not maintain the same 

degree of trunk rotation in all trials. As a result, the EMG amplimde of the internal 

inteicostals may, therefore, have been affected by changes in length-tension relationships 

of the muscles. Cresswell and Thorstensson (1989) did not control lung volume or the 

expiratory pressures generated during the Valsalva maneuver, nor did they control for the 

respiratory cycle which is associated with phasic excitation/inhibition to the MNs 

supplying the abdominal muscles (Eccles , Sears, & Shealy 1962; Gesell, Magee, & 

Bricker 1940; Miller, Ezure, & Suzuki, 1985). Each of the aforementioned variables has 

been shown to influence the threshold of recruitment and amplitude of muscle EMG 

activity in chest wall muscles in himians (Campbell & Green, 1953a; Hodges et al., 1997; 

Hodges & Richardson 1997; Rimmer et al., 1995) and in decerebrate or anesthetized cats 

(Bishop, 1964; Fregosi, St. John, & Bartlett 1990; Miller et al., 1985). 

The present project was designed to satisfy the above requisites in order to 

determine the relative contributions of a pair of muscles to a trunk task and breathing task 

when performed simultaneously. Specifically, this study characterized the activity of an 

agonist/antagonist muscle pair during the separate performance of a trunk task and a 

breathing task, and the performance of a combined trunk and breathing task. The study 

addressed the question, "E)oes an agonist/antagonist pair of trunk muscles participate in 

two voluntary tasks simultaneously by combining two distinct EMG activity patterns 

associated with the performance of each task independentlyT' Additionally, this study 

was designed to address the limitations of previous studies by controlling potentially 



confounding variables (trunk angle, lung volume, respiratory cycle, expiratory effort, 

movement speed) that could influence muscle activity patterns across requirement 

conditions (Campbell, 1952; Campbell & Green, 1953a; Oddsson, 1988; Oddsson & 

Thorstensson, 1990). 
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Specific Aims 

Aim I. To determine if the pattern of muscle activation in an agonist/antagonist muscle 
pair iswhftfi an isometric trunk flexor task is combined with a pulsed 
expiration task. 

EXPIRATION TASK. To describe the pattern of muscle activation during pulsed 
expiratory efforts with the subject's trunk supported at an extension angle (-20°) fix)m 
vertical while sitting on a stool. 

TRUNK TASK. To describe the pattern of muscle activation during an isometric 
condition when the subject holds the trunk at an extension angle (-20°) from vertical while 
sitting on a stool. 

COMBINED TASK. To describe the pattern of muscle activation during a simultaneous 
isometric trunk flexor and pulsed expiration task when the subject holds the trunk at an 
extension angle (-20°) from vertical while sitting on a stool. 

Additive Model Prediction - Aim 1: 
Pressure Onset 

Trunk 
Position 

(supported) 

Pressure 
1 40 

0cm H2O 

] 75 uv 

Expiration 
Task 

TrFlexUpp 
EMG 

TrExtLat 

1 sec 

Trunk 
Position 

(holding) 

leaning 
backward 

Isometric Trunk 
Flexor Task 

TrFlexUpp 

TrExtLat 

jiv 

Trunk 
Position 

(holding) 

Pressure 
Combined 

Task 0 cm H2O 

] 75 Hv TrFlexUpp 

TrExtLat 
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Aim 2. To determine if the pattern of muscle activation in an agonist/antagonist muscle 
niriSffrfri '̂r^gwhen an isometric tnink extensor task is combined with a pulsed 
expiration task. 

EXPIRATION TASK- To describe the pattern of muscle activation during pulsed 
expiratory efforts with the subject's trunk supported at a +30° angle from vertical while 
sitting on a stool. 

TRUNK TASK. To describe the pattern of muscle activation during an isometric 
condition when the subject holds the trunk at a flexion angle (+30°) from vertical while 
sitting on a stool. 

COMBINED TASK. To describe the pattern of muscle activation during a simultaneous 
isometric trunk extensor and pulsed expiration task when the subject holds the trunk at a 
flexion angle (+30°) from vertical while sitting on a stool. 

Pressure Onset Additive Mode! Prediction - Aim 
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Aim 1. To determine if the pattern of muscle activation in an agonist/antagonist muscle 
pair iswhen a oni-directional trunk flexor task is combined with a pulsed 
expiration task. 

EXPIRATION TASJC. To describe the pattern of muscle activation during pulsed 
expiratory efforts with the subject's trunk vertical (0°) while sitting on a stool. 

TRUNK TASK- To describe the pattern of muscle activation during uni-directional trunk 
flexion when the subject flexes the trunk forwards to a +30° angle from vertical while 
sitting on a stool. 

COMBINED TASK To describe the pattern of muscle activation during a simultaneous 
uni-directional trunk flexor and pulsed expiration task when the subject flexes the trunk 
forwards to a +30° angle from vertical while sitting on a stool. 
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Aim 4. To determine if the pattern of muscle activation in an agonist/antagonist muscle 
pair is n/Uitive when a nni-directional trnnk task is rnmbined with a 
pulsed expiration task. 

EXPIRATION TASK. To describe the pattern of muscle activation during pulsed 
expiratory efforts with the subject's trunk vertical (0°) while sitting on a stool. 

TRUNK TASK. To describe the pattem of muscle activation during uni-directional trunk 
extension when the subject extends the trunk backward to a -20° angle from vertical while 
sitting on a stool. 

COMBINED TASK. To describe the pattem of muscle activation during a simultaneous 
uni-dicectional trunk extensor and pul^ expiration task when the subject extends the 
trunk backward to a -20° angle from vertical while sitting on a stool. 

Additive Model Prediction - Aim 4: 
Pressure Onset 
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2. REVIEW OF LITERATURE 

Linear Prediction 

This study addressed the question, "Do agonist/antagonist pairs of trunk muscles 

participate in two voluntary tasks simultaneously by combining two task-specific EMG 

activity patterns associated with the performance of each task independently?" In other 

words, do both EMG patterns combine, and if so, does this combined pattern reflect a 

linear addition of both individual pattems? If the combined EMG pattern is linear, it 

suggests that inputs fiom two different sets of simultaneously elaborated plans can reach 

the MN pools essentially unmodified. If the combined EMG pattern is non-linear, it 

suggests that the individual plans were modified possibly in the motor cortex, brainstem, 

or spinal cord, before, or at the segmental level of the MN pool. The approach of this 

project was not designed to distinguish the location of this summation (supraspinal and/or 

segmental level). Rather, it tested the prediction that when faced with driving two 

simultaneous tasks, trunk muscle MN pools are capable of responding linearly to 

simultaneous delivered inputs, thereby resulting in a linear addition of task-specific 

muscle EMG activity pattems. The study is the first in which interactions between two 

simultaneously performed voluntary movements have been smdied under carefiilly 

controlled conditions. The results of this study have contributed to a better understanding 

of how complex behaviors involving simultaneous voluntary movements can occur in 

everyday life. 

Rationale for Linear Prediction 

The next three sections will discuss evidence for descending central nervous system 

(CNS) inputs that project to trunk muscle MN pools and are believed to be involved in 

voluntary trunk movement and voluntary breathing. 
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Etescendinf Inputs fn Tmnlr Muscle MN Pools 

The CNS initiates and modulated the final motor output of trunk muscles via 

multiple descending pathways. Clinical evidence indicates that automatic and voluntary 

breathing are controlled by separate descending pathways. For example, individuals with 

central hypoventilation syndrome (also known as "Ondine's curse") lack automatic 

breathing control (Severinghaus & Mitchell, 1962) and are assumed to have medullary 

lesions. They compensate with voluntary control when awake, but fail to breathe on their 

own during sleep. In contrast, some patients demonstrate complete loss of voluntary 

respiration but have intact automatic respiration (Munschauer, Mader, Ahuja, & Jacobs, 

1991). Such patients are unable to vary respiratory rhythm voluntarily, breath hold, 

cough, or take deep breaths on command. These patients have been shown to have 

ventralbasal pontine lesions. Cases of this kind support the neuropbysiological and 

neuroanatomical evidence found in cats that trunk muscle MN pools receive projections 

from separate descending pathways: a bulbospinal tract for automatic breathing, and a 

corticospinal tract for voluntary breathing (Aminoff & Sears, 1971; Lipski, Bektas, & 

Portet, 1986; Newson-Davis & Plum, 1972; Rikard-Bell, Bystrzycka, & Nail, 1985; 

Rikard-Bell, Tork, & Bystrzycka, 1986). 

Neuropbysiological evidence in humans supports both clinical reports and 

experimental animal findings that MNs to trunk muscles receive direct corticospinal inputs 

and are activated during voluntary breathing tasks (Gandevia & Plassman, 1988; 

Gandevia, McKenzie, & Plassman, 1990). Indeed, electrical stimulation of the motor 

cortex produces a powerful excitation in the diaphragm and intercostal muscles at a short, 

possibly even monosynaptic, latency. Studies of trunk motor unit behavior during 

voluntary tasks also provide evidence of corticospinal input for breathing alone and 

breathing combined with other tasks. A study of motor unit synchronization (Adams, 

Datta, & Guz, 1989) suggested that the sternocleidomastoid muscle receives corticospinal 
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drive during either a voluntary inspiratory effort or during a voluntary neck rotation, but 

not during reflex hyperc^^nic breathing. Because these investigators did not record motor 

unit activity during a simultaneous inspiratoiy effort and neck rotation task, it is not 

known if the same motor units increased their firing frequency when recruited for the 

simultaneous task vs. either of the individual tasks. Fortunately, one smdy does report 

on the correlation of discharge intervals in single motor units to the phase of respiration 

during a simultaneous expiratory effort and an antigravity trank task (Tokizane, 

Kawamata, & Tokizane, 1952). The authors showed that when forced expiration was 

superimposed on an antigravity trunk task, the firing rate a single motor units increased 

maricedly and new motor units were also recruited. These findings demonstrate that in 

humans, trunk muscles are activated by corticospinal projections during either voluntary 

trunk or voluntary breathing tasks. Furthermore, this work suggested that when a trunk 

muscle is recruited for a simultaneous trunk and breathing task, the respective 

corticospinal inputs may sum and result in an increased firing fi:equency for those single 

motor units that are active in each of the individual tasks. 

Some anatomical and physiological evidence in humans suggests that similar, high-

level cortical structures are activated during voluntary breathing and voluntary limb-

movement tasks. For example, cerebral blood flow studies have revealed that pre-motor 

cortex, supplementary motor area (SMA), as well as the primary motor cortex (MQ 

become activated during voluntary expiration (Ramsay et al., 1993). Similarly, 

electrophysiological evidence has shown that voluntary expiratory efforts, like voluntary 

limb movements, are preceded by electrical potentials in the premotor area (Macefield & 

Gandevia, 1991). These cortical association areas are hypothesized to be important for 

higher-level planning of voluntary limb movements (Porter & Lemon, 1993). Therefore, 

as m voluntary limb tasks, voluntary trunk and breathing tasks may involve similar high-
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level cortical stnictuies, some of which may store and release plans and commands for 

how to sequentially activate trunk muscles. 

In summary, these studies provide evidence that both voluntary trunk and breathing 

tasks can provide cortical inputs to the MN pools of trunk muscles. It is not known at 

this time, however, if the cortical inputs during these different voluntary tasks remain 

separate or blend before reaching the MN pools. Physiological evidence does exist for 

limb and neck mnsnlp-s that cortical inputs can differentially recruit functionally distinct 

subdivisions of the MN pool (Adams et al., 1989; Ter Haar Romeny, van der Gon, & 

Gielen 1984; van Zuylen, Gielen, & van der Gon 1987; Hoffer et al., 1987). However, 

no study has examined this issue in thoracic and abdominal MN pools. Unlike limb 

muscles, trunk muscles can be uniquely activated for voluntary breathing and respiratory 

maneuvers to create pressure changes within the abdominal cavity. Anatomically, they 

are also linked to several structures (spine, pelvis, rib cage, pelvis, shoulder girdle) 

through a complex system of bone, fascia, and collagen fibers. As a result, trunk 

muscles, therefore, act upon structures involved in many different actions and may be 

expected to have developed specialized mechanisms for dealing with simultaneous inputs 

for different task requirements. 

[Differential Activation of Cortical hiputs to Trunk Muscle MN Pools 

Although anatomical differences have not been demonstrated, differences in drive to 

trunk MN pools have been shown for voluntary trunk vs. voluntary breathing tasks. For 

example, several studies have shown that subjects are unable to activate selected trunk 

muscles to the same level of EMG activity during volimtary maximum-effort breathing 

tasks as was attained during voluntary maximum-effort trunk tasks (Campbell & Green, 

1953a; Cresswell, Grundstrom, & Thorstensson, 1992; Cresswell & Thorstensson, 

1989; Gandevia & McKenzia, 1985; Gandevia et al., 1990). Additionally, in the study of 

motor unit synchronization in the sternocleidomastoid muscle cited above (Adams et al.. 
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1989), the authors reported that the strength of synchronization between the same two 

motor units was reduced during the neck rotation task as compared to the inspiratory 

effort This suggests that there was a difference in the CNS drive for neck rotation vs. 

breathing. Because the sternocleidomastoid is an accessory muscle for inspiration, it is 

possible that cortical drives to other muscles involved in voluntary trunk and breathing 

tasks may differentially activate trunk MN pools. 

To summarize to this point, trunk and breathing tasks seem to involve similar 

supraspinal stmctuies and, as of yet, no anatomical evidence exists to support 

subdivisions in supraspinal structures for voluntary trunk vs. voluntary breathing tasks. 

Despite this lack of information, there seem to be differences in the CNS drive to MN 

pools for voluntary trunk vs. voluntary breathing tasks, and some physiological evidence 

for the differential recruitment of MN pools to respiratory muscles. 

Rationale for Using the EMG to Test the Linear Model Prediction 

Other researchers have investigated how hindlimb muscles of animals are recruited 

to participate in two different rhythmical behaviors executed simultaneously. The 

supraspinal structures and segmental neuronal networks driving MN pools remain 

relatively unknown for rhythmical hindlimb behaviors such as cat paw shake (Smith, 

1986), cat locomotion (Grillner & Wallen, 1985), and various forms of turtle scratch 

(Stein, Camp, Robertson, & Mortin, 1986). Nonetheless, to study the simultaneous 

performance of different rhythmical hindlimb behaviors, researchers have chose to 

examine the final motor output, at the level of the EMG (e.g., cat paw shake and 

locomotion [Carter & Smith, 1986a; Carter & Smith, 1986b]; turtle rostral-caudal scratch 

[Robertson, Mortin, Keifer, & Stein, 1985; Stein et al., 1986]). With this approach, the 

above investigators tested for an additive EMG pattern (linear sum across muscles; two 

pure patterns combined) or a non-additive EMG pattem (a new pattern with features of 

each individual pattem). This same approach was used in the present study. 



In support of this final-motor output approach, my own pilot data in humans 

suggested that the surface EMG can reflect the addition of two activity patterns. For 

example, when recording from a trunk agonist/antagonist muscle pair, if an expiratory 

effort was performed simultaneously with an isometric trunk flexor task, the trunk flexor 

EMG increased markedly, thereby reflecting combined tonic-related and expiration-related 

activity. In contrast, trunk extensor EMG remained unchanged, thereby reflecting only 

the expiration-related activity. Likewise, if an expiratory effort was performed 

simultaneously with an isometric trunk extensor task, the trunk extensor EMG increased 

markedly, reflecting the combined tonic-related and expiration-related activity, whereas 

trunk flexor EMG remained unchanged, reflecting only the expiration-related activity. 

Thus, both EMG patterns were superimposed, and tonic-related and expiration-related 

activity occurred as predicted for the two tasks. 

As discussed above, the two related smdies that have recorded EMG from trunk 

muscles during trunk and breathing tasks also suggested that the EMG can distinguish 

between the elaboration of single vs. combined tasks (Cresswell & Thorstensson, 1989; 

Rinuner et al., 1995). Even though the EMG findings for all task components were not 

quantified in those studies, both studies showed increased trunk muscle EMG related to 

either an individual trunk or individual breathing task when that muscle was required to 

perform a combined trunk and breathing task. 

In summary, qualitative EMG analysis has revealed combined (superimposed) 

activity patterns for different rhythmical hindlimb behaviors and for individual vs. 

simultaneous trunk and breathing tasks. For trunk and breathing tasks, my own pilot 

work and two related studies (Cresswell & Thorstensson, 1989; Rinmier et al., 1995) 

have suggested that whatever the CNS substrate, the inputs for these two voluntary tasks 

have the capacity to sum at some CNS level(s) prior to or at the MN pool, and to drive the 
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MN pool to different degrees of activation. It is not clear from these previous studies, 

however, if the findings reflected a linear or a non-linear addition of MN activity. 

EMG During Trunk Tasks 

Isometric Trunk Tasks 

Many of the early investigations into the activity of trunk muscles originated from 

interests in fimctional anatomy (Allen, 1948; Floyd & Silver, 1950; Royd & Silver, 

1955; Jonsson, 1970; Morris, Benner, & Lucas, 1962; Portnoy & Morin, 1956). More 

recent investigations have been designed to address clinical concerns about the 

relationship of the activiQ^ of trunk muscles to low back pain or lumbar disc pressure 

(Andersson, Herberts, & Ortengren, 1976; Lavender, Trafimow, Andersson, Mayer, & 

Chen, 1994; Marras, King, & Joynt, 1984; Morris et al., 1962; Schultz, Andersson, 

Ortengren, Bjork, & Nordin, 1982b; Tan, Pamianpour, Nordin, Hofer, & Willems, 

1993). These recent investigations have provided descriptions of trunk muscle activity 

during standing while subjects performed static trunk tasks (i.e., holding trunk position at 

different angles) and quasi-static trunk tasks (i.e., moving slowly from one position to 

another). For ergonomic purposes, investigations of trunk muscle activity have also been 

performed for sitting (Andersson, Jonsson, & Ortengren, 1974; Andersson & Ortengren, 

1974; Andersson, Ortengren, Nachemson, Elfstrom, & Broman, 1975; Andersson, R., 

& Schultz, 1980; Andersson, Schultz, & Ortengren, 1986; Schultz, Andersson, 

Haderspeck, & Nachemson, 1982a). Instead of holding different trunk angles as in 

standing, most of these latter studies investigated trunk muscle activity while subjects 

rotated the pelvis or altered the shape of the spine. In addition, for both standing and 

sitting experiments, external loads have been varied by requiring subjects to hold weights 

or exert steady force against an immobile support. 



35 

Trunk extensor muscles. From all of these investigations of different standing 

and sitting positions, a considerable amount of information on the activity of the erector 

spinae (ES) muscles has been recorded in all regions (cervical, thoracic, lumbar) of the 

back. During relaxed unsupported sitting, ES activity in the cervical and lumbar regions 

is intermittent and minimal, while more continual and higher activity is recorded in the 

thoracic region (Andersson et al., 1974; Andersson & Ortengren, 1974). Several studies 

have compared ES activity while shifting the center of gravity by manipulating pelvic 

rotation and the shape of the spine. The lowest lumbar ES activity occurs when the pelvis 

is rotated backward and the spine is rounded (Andersson et al., 1974; Andersson et al., 

1975; Floyd & Silver, 1955). The greatest lumbar ES activity occurs when the pelvis is 

rotated forwards and the spine is straightened (Andersson et al., 1975; Lundervold, 1951; 

Nachemson, 1966). These studies suggest that lumbar ES muscles are sensitive to and 

increase their activity with small changes in the center of gravity due to pelvis 

rotation/movement in sitting. 

Another way to increase the level of lumbar ES activity is to further displace the 

center of gravity by holding the trunk at different flexion or extension angles (Andersson 

et al., 1976; Andersson, Ortengren, & Herberts, 1977; Marras et al., 1984; Schultz et al., 

1982b; Tan et al., 1993). Because of the large mass of the trunk, holding the trunk at 

different angles will greatly vary the loads on the spine and a relatively large torque at the 

lumbar-pelvic joint must then be produced to counteract the load (Schultz et al., 1982a). 

The same mechanical requirements occur for limb positions against gravity; however, an 

equivalent position of the arm (e.g., 30° elbow flexion from vertical) produces less load 

due to the smaller mass of the arm segments compared to the trunk segment 

Andersson et al. (1977) provided a systematic investigation of ES activity in 

standing while subjects held different trunk angles. Lumbar ES activity was shown to 



increase similarly at all levels (LI, L3, L5) and compartments (medial, lateral) when the 

angle of forward flexion increased. This study demonstrated that when the center of 

gravity is shifted forward in the sagittal plane and the spine is straight, ES activity 

generally increases to hold the trunk against gravity. 

While changing trunk angle has been investigated in standing, no studies have 

investigated lumbar ES activity while sitting and holding multiple trunk angles. 

Nevertheless, Nachemson (1966) reported an increase in lumbar ES activity when 

subjects were instructed to lean forward to a single position of 20 degrees trunk flexion 

while sitting. Hence, it seems reasonable to propose that different trunk angles will elicit 

similar relative changes in lumbar ES activity during sitting as during standing. 

Instead of loading the spine by holding the trunk against gravity, other studies of 

both standing and sitting have varied external loads in upright vertical positions. These 

experiments manipulated the weight and location of an external load held by the subject or 

attached to their trunk through a harness. The greatest levels of EMG activity in the 

lumbar ES occurred when the applied external load was forward of the center of mass 

requiring subjects to resist a flexion torque while maintaining the trunk upright 

(Andersson et al., 1977; Andersson et al., 1986; Jonsson, 1970; Lavender et al., 1994; 

Schultz et al., 1982a, 1982b; Seroussi & Pope, 1987). Loads have also been 

manipulated by requiring subjects to exert forces against immobile surfaces or applied 

resistance (Jonsson, 1970; Stokes, Rush, Moffroid, Johnson, & Haugh, 1987; Tan et 

al., 1993; Zetterberg, Andersson, & Schultz, 1987). In standing or sitting, when 

subjects extended backwards against an immobile resistance, lumbar muscle activity 

increased. In contrast, when subjects flexed forward against an immobile resistance, 

lumbar muscle activi^ decreased. 

Results from all of these experiments could have been predicted from static 

mechanical considerations alone. Namely, EMG activity in the lumbar ES muscles 



increases to resist increasing flexor torques or more simply, ES activity increases to resist 

anything that tends to flex the trunk forward. Indeed, several studies in standing have 

shown linear relationships between (1) the EMG amplitude in the lumbar ES and the angle 

of flexion and (2) the EMG amplitude in the lumbar ES and increasing external loads 

(Andersson et al., 1977; Lavender et al., 1994; Tan et al., 1993). These results suggest 

that lumbar ES activity increases linearly as the loads on the lumbar spine increase. The 

ES muscles, therefore, appear to be capable of an additive response when faced with 

performing tasks that may create additional loads on the spine. 

Trunk flexor muscles. In contrast to the considerable information on ES 

muscle activity, abdominal muscle EMG activity has seldom been recorded during static 

and quasi-static tnmk tasks. One study was an exception, that of Carman, Blanton, & 

Biggs (1976) who recorded from the abdominal muscles while subjects held extended 

positions in standing. The angle of trunk extension was not measured but EMG 

recordings showed activity of the external oblique (EO). Similar results are reported for 

quasi-static trunk tasks; when subjects slowly leaned backwards from upright, the 

abdominal muscles were activated to prevent the body from falling backward (Allen, 

1948; Floyd & Silver, 1950; Partridge & Walters, 1959). Therefore, it appears that EO is 

activated to meet mechanical requirements opposite to ES. Namely, EMG activity in EO 

increases to resist increasing extensor torques, or more simply, EO activity increases to 

resist anything that tends to extend the trunk backwards. 

Pattern of trunk muscle activity. In most cases of static and quasi-static 

trunk tasks, trunk muscle activity is restricted to a tonic burst of the prime mover (agonist) 

acting to resist gravity and/or externally applied loads. When the ES muscles are 

activated, the antagonists (abdominal muscles) are silent; and when the abdominal 

muscles are activated, the ES muscles are silent. Some exceptions are noted when 

maximal efforts are made against resistance; however, they only occur during extreme 



conditions (maximal extension efforts) (Andersson et al., 1986; Lavender et al., 1994; 

Schultz et al., 1982a, 1982b; Tan et al., 1993; Zetterberg et al., 1987). 

Summary. Results of all experiments during static and quasi-static conditions in 

standing or sitting confirm predictions of trunk muscle activity from biomechanical 

models that are consistent with a role in resisting gravity and keeping the trunk vertical. 

When subjects lean forward, gravity acting on the trunk exerts a flexor torque on the 

trunk. This torque must be balanced by an extensor torque, which can be provided by the 

extensor muscles acting posterior to the axes of sagittal rotation of the lumbar vertebrae. 

In contrast, when subjects lean backwards, gravity acting on the trunk exerts an extensor 

torque on the trunk. This torque must be balanced by a flexor torque, which can be 

provided by the abdominal muscles acting anterior to the axes of sagittal rotation of the 

lumbar vertebrae. 

Based upon these investigations of the activity of trunk muscles during static and 

quasi-static tasks, the trunk tasks in this study were designed to make use of the relevant 

results. For Aims 1 and 3, the individual trunk task was an isometric flexor task and an 

isometric extensor task, respectively. To establish a tonic level of abdominal or back 

muscle activity, subjects held the trunk at a given extension (-20°) or flexion (+30°) 

angle, respectively. Because of the large mass of the trunk, each of these angles elicited 

an adequate level of activity without the need to add external loads. The extension angle 

was smaller than the flexion angle because -30° extension is at maximal range of motion 

for most subjects and is not comfortable (Thorstensson et al., 1985). 

Rationale for Inclusion of Isometric Trunk Tasks in Studv 

As summarized, during isometric trunk tasks, trunk muscles ate activated to 

produce forces to overcome torques (due to gravity or loads) that would tend to displace 

the trunk from vertical. In the present study, muscles were activated based on the force 
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requirements associated with a particular task. It was hypothesized that when the same 

muscle was required to participate in a trunk task and a breathing task simultaneously, the 

level of muscle activity to meet force requirements for the trunk task would add to the 

level of muscle activity to meet force requirements for the breathing task. The simplest 

test of this hypothesis would be to choose a trunk task that activates the same muscle(s) as 

the breathing task and that has static force requirements, so that the level of tonic activity 

could be quantified when each task is performed separately or in combination. The fact 

that previous studies have shown a correlation between muscle activity and force makes 

the study of an isometric sagittal plane trunk task the most straightforward case for 

demonstrating addition of muscle activity (Andersson et al., 1977; Andersson, Ortengren, 

Nachemson, & Schultz, 1983; Andersson et al., 1986; Lavender et al., 1994; Schultz et 

al., 1982a; Schultz et al., 1982b; Seroussi & Pope, 1987; Tan et al., 1993). 

Because this trunk task represents a case of activity of either the trunk flexor or 

extensor in a non-alternating manner, the choice to include isometric trunk tasks also 

allowed the linear prediction model to be tested for both directions. For example, the 

linear model prediction was that EMG would add (quantitatively) for the simultaneous 

isometric trunk flexor and breathing task and it would add (quantitatively) for the 

simultaneous isometric trunk extensor and breathing task. The two directions, therefore, 

allowed for a more comprehensive test of the additive model when force requirements for 

the trunk task are simple and well-understood. Furthermore, characterizing the combined 

EMG response for each direction separately allowed later comparison to ±e combined 

EMG response in a more complex uni-directional trunk task. 

Uni-direcrional Trunk Tasks 

Dynamic trunk tasks have been investigated in kinesiological and motor control 

studies where EMG was used to investigate the role of the trunk muscles during exercise 

(Partridge & Walters, 1959; Pauly, 1966) or while subjects performed uni-directional or 
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repetitive sequences of sagittal plane trunk movements in standing (Allen, 1948; Crenna et 

al., 1987; Oddsson, 1989; Oddsson & Thorstensson, 1987a, 1987b; Thorstensson et al., 

1985) or side-lying (Cresswell, 1993a, 1993b;). None of these dynamic trunk tasks, 

however, has been studied in sitting. 

During dynamic, uni-directional trunk movements (movement time < 1 s), trunk 

muscle activity basically alternates between agonist and antagonist muscles, producing a 

two- or three-burst reciprocal pattern (Crenna et al., 1987; Cresswell, 1993; Oddsson, 

1989; Oddsson & Thorstensson, 1987a, 1987b; Thorstensson et al., 1985). Each 

reciprocal muscle burst is associated with a direction of peak angular displacement of the 

trunk (Crenna et al., 1987; Thorstensson et al., 1985). E>uring uni-directional trunk 

flexion, the rectus abdominis (RA) becomes activated prior to movement to initiate trunk 

flexion and is then followed by activity of the ES, associated with braking of the 

movement at a point when the movement has reached half of its flexion amplitude. 

During uni-directional trunk extension, ES becomes activated prior to movement onset to 

initiate trunk extension and is then followed by activity of the RA associated with braking 

the movement at a point when the movement has reached half of its extension amplitude. 

The reciprocity between agonist and antagonist trunk muscles is strict. When ES 

and RA are activated during uni-directional trunk movements, there is electrical silence in 

the antagonist (even if activity in the agonist muscle is very low; Thorstensson et al., 

1985). Additional evidence for reciprocity is also found when the ES muscle is activated 

inidally to hold a posture prior to the movement In this situation, the initial acdvity in ES 

will become silent before the RA is activated to initiate trunk flexion. These results 

suggest that reciprocal coupling is characteristic of uni-directional movement and that it 

will occur despite low levels of muscle activity or initial activity in one of the muscles. 

Although RA is the most often recorded trunk flexor during studies of trunk 

movement, there are multiple flexors of the trunk that can act synergistically with RA. 



Three studies have recorded from other potential trunk flexor synergists during dynamic 

trunk movements, one in side-lying (Cresswell, 1993b) and two in standing (Oddsson, 

1989; Thorstensson et al., 1985). Similar muscle activity patterns were reported in all 

three studies. Consequently, only the findings from the study by Cresswell will be 

discussed because his uni-directional trunk flexion and extension tasks were the most 

«>iTnilar to the dynamic trunk tasks used in this study. Cresswell recorded surface or 

intramuscular EMG activity from the RA and external oblique (EO) during sagittal plane 

uni-directional trunk flexion and extension tasks. During trunk flexion, bilateral and 

concurrent activity of two trunk flexors (RA and EO) was demonstrated at movement 

initiation to accelerate the trunk forward. Both muscles ceased their activity when the ES 

was activated to brake ±e movement. During trunk extension, both RA and EO were 

silent at movement initiation when the ES was activated to accelerate the trunk backward. 

Both muscles activated to brake the movement after ES activity ceased. To summarize, 

results showed that the trunk flexors, EO and RA, were co-activated bilaterally during 

uni-directional sagittal plane trunk tasks in side-lying and alternated with ES activity. 

Changes in dynamic trunk muscle activity patterns were predictably altered by 

variations in movement speed and amplitude (Oddsson & Thorstensson, 1987a; 

Thorstensson et al., 1985). When dynamic trunk flexion tasks were performed at 

different speeds, the amplitude of EMG activity in the RA increased linearly with 

increasing movement speed. Likewise, when dynamic trunk flexion tasks were 

performed at different amplitudes (large and small), the duration of EMG activity in the 

RA increased linearly with increasing movement amplitude. The trunk muscles, 

therefore, appear enable of adapting to the biomechanical demands of the task through a 

linear increase in the duration or amplitude of the agonist burst 

The characteristics of muscle activity patterns for sagittal plane trunk movement ate 

similar to the characteristics of muscle activity patterns for single joint limh movement 



(Oddsson, 1990; Soechting & Flanders, 1991; Thorstensson et al., 1985). Both types of 

movement are characterized by a two- or three-burst reciprocal EMG pattern where the 

agonist burst first initiates the movement and accelerates the segment, the antagonist burst 

brakes ±e movement and decelerates the segment, and sometimes a second agonist burst 

of EMG may lock the segment in the final position. In addition, the muscle activity 

patterns for both types of movement are predictably altered by variations in movement 

speed and amplitude. Such characteristics support the theory proposed by Gottlieb, 

Corcos, Agarwal & Latash (1990), based on single-joint limh movements, that the central 

nervous system (CNS) activates muscles in a specific way according to a plan. This 

suggests that the CNS may control simple trunk and limb movements according to plans 

that control the order and degree (amplitude and duration) in which muscles are activated. 

Summary. The trunk tasks in this smdy were designed to make use of the 

relevant results of the above investigations of the activity of tnmk muscles during uni­

directional sagittal plane trunk tasks,. For Aims 2 and 4, the individual tmnk task was a 

uni-directional trunk flexor and uni-directional trunk extensor task, respectively. To 

establish a predictable and recognizable pattern of reciprocal agonist/antagonist muscle 

activity, subjects bent forwards or backwards to target angles of +30° or -20°, 

respectively, while maintaining movement speed constant (1 flexion per sec). During 

these tasks, EO altemated with ES, each muscle acting to either accelerate or brake trunk 

movement, depending upon the direction of movement. 

Rationale for Inclusion of Uni-E)iTectional Trunk Tasks in Studv 

As discussed in previous sections, during isometric trunk flexor or extensor tasks, 

trunk flexor or extensor muscles are activated tonically and singly (non-altemating) in 

response to static force requirements. In contrast, during uni-directional trunk tasks, 

trunk flexor and extensor muscles are activated in a more complex, reciprocal pattern in 



response to dynamic force requirements and therefore, provide a different test of the 

present prediction. Additionally, trunk muscles responding to the dynamic force 

requirements during uni-directional trunk tasks are more applicable to everyday tasks. 

IXiring uni-directional trunk tasks, the test of the prediction was to show that both 

muscles of an agonist/antagonist muscle pair, while being activated reciprocally to meet 

force requirements for the trunk task, can simultaneously incorporate (add) the muscle 

activity of the breathing task. Because uni-directional trunk tasks are hypothesized to be 

controlled similarly to single joint limb movements, the amplitude and duration of the 

EMG and the order of muscle activity is believed to be prepared in advance as a "package" 

or a plan. Hence, for simultaneous trunk and breathing tasks, two plans may 

hypothetically release the necessary inputs to the appropriate MN pools for both tasks. If 

the result is linear EMG, then it suggests that inputs from two different plans sum. 

EMG During Breathing Tasks 

There are over two dozen trunk muscles that could potentially be activated during 

breathing to produce the forces needed to change the shape of the rib cage and abdomen 

and to create pressure gradients. These muscles are conventionally divided into three 

groups; I) the diaphragm, 2) the muscles of the rib cage, and 3) the muscles of the 

abdomen. These muscles can be activated voluntarily to produce active forces for a large 

number of breathing-related tasks. Many such tasks involve expiratory efforts—examples 

include; speaking, wind-instrument playing, childbirth, coughing, and sneezing. The 

breathing-related task in this study also involved an expiratory effort. 

Several studies have recorded EMG activity from trunk muscles during expiratory 

efforts (Campbell, 1952; Campbell & Green, 1953a; Campbell & Green, 1953b; De 

Troyer, Estenne, Ninane, Gansbeke, & Gorini, 1990; Hill, Kaiser, Lu, & Rochester, 

1985; Murphy, Koepke, Smith, & Dickinson, 1959; Strohl, Mead, Banzett, Loring, & 



Kosch, 1981; Tokizane et al., 1952). Other studies have recorded EMG activity from 

tnmk muscles during maneuvers that similarly increase intrathoracic pressures (expulsive 

maneuvers, Valsalva maneuvers, and hyperc^mic conditions; Cresswell et al., 1992; 

Cresswell & Thorstensson, 1989; Gandevia et al., 1990; Goldman, Lehr, Millar, & 

Silver, 1987; McGiU & Sharratt, 1990; Sears & Davis, 1968; Taylor, 1960). A few 

smdies have attempted to document the synergistic and antagonistic relationships among 

trunk muscles during these types of breathing-related tasks (Cresswell & Thorstensson, 

1989; Gandevia et al., 1990; McGill & Sharratt, 1990; Murphy et al., 1959). 

This secdon of the literature review begins with a brief discussion about the role of 

the lateral abdominal muscles and the lumbar portion of the ES muscles during quiet 

breathing as it pertains to the design of this study. Next, special emphasis is given to the 

role of these muscles during voluntary breathing-related tasks that are similar to the one in 

this study. 

Quiet Breathing. 

During quiet breathing in humans, expiration is mainly driven by the elastic recoil 

of the respiratory system. Some studies indicate, however, that the abdominal and ES 

muscles are active either tonically or phasically during quiet breathing when seated or 

standing. 

Abdominal muscles. Tonic activity is almost always present in the lateral 

abdominal muscles during resting breathing in upright postures (Campbell, 1952; E)e 

Troyer, 1983; Druz & Sharp, 1981; Floyd & Silver, 1950; Goldman et al., 1987; Hoit, 

Plassman, Lansing, & Hixon, 1988; McFarland & Smith, 1989; Strohl et al., 1981). The 

level of tonic activity appears to be dependent upon the rostral-caudal location in the 

muscle, being greater in the lower abdomen than in the upper abdomen. These data are 

consistent with kinematic data that show that during quiet breathing, subjects generally 

breathe with the abdomen displaced inward from its relaxation position when sitting or 
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standing (Hixon, Goldman, & Mead, 1973). It is hypothesized that the forces produced 

by tonic abdominal muscle activity displace the abdomen inwards, driving its contents 

headward against gravity, thereby mechanically ''tuning'* the diaphragm and placing it at a 

favorable mechanical advantage for generating inspiratory volimie change (De Troyer, 

1983; Druz & Sharp, 1981). 

Phasic activity in the abdominal muscles related to quiet breathing is less 

consistendy reported than tonic activity. When subjects are upright (either supported or 

unsupported), phasic activity fluctuates in the lateral abdominal muscles but not in the 

rectus abdominis muscles (Abe, Kusuhara, Yoshimura, Tomita, & Easton, 1996; Hoit et 

al., 1988; Tokizane et al., 1952). In only one of these studies (Tokizane et al., 1952) 

were subjects sitting unsupported, as proposed in this study, and those authors report that 

all three lateral abdominal muscles were active during quiet expiration. 

Back muscles. The level of muscle activity in the erector spinae (ES), like the 

abdominal muscles, is also dependent upon location within the muscle. During resting 

breathing in unsupported sitting, tonic activity is usually intermittent and greater in the 

medial than the lateral portions of the muscle (Jonsson, 1970). The intermittency of this 

activity has been hypothesized to reflect the participation of the muscle in counteracting 

the postural sway as the center of gravity moves in front or behind the transverse axis of 

the lumbar vertebral joints (Jonsson, 1970; Joseph & McCoU, 1961). Because tonic 

activity is more often seen in the medial portions of the muscle, it suggests that the medial 

portion of the ES muscle plays a greater role in counteracting small changes in 

intervertebral aligmnent than its lateral portion. 

Phasic activiQ^ in the lumbar ES during quiet breathing has been reported in both the 

medial and lateral portions of the ES when upright While subjects sat unsupported, 

Tokizane et al. (1952), using needle electrodes, correlated the discharge intervals of a 

single motor unit and the phase of respiration. During inspiration, the discharge intervals 
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shortened in the medial portion, and during expiration, the discharge intervals shortened 

in the lateral portion. In other words, when the muscle was active to meet posture 

requirements (as in unsupported sitting), both portions of the muscle participated in 

different phases of quiet breathing, the medial portion in inspiration and the lateral portion 

in expiration. 

These physiological findings pertaining to tonic and phasic activity in the ES 

muscle, confirm behavioral predictions based upon the complex anatomy of the different 

ES components. That is, while both portions perform primarily an antigravity function, 

the medial portion, which attaches into the vertebrae, is able to simultaneously participate 

in inspiration by extending the spine, while the lateral portion, which attaches into the 

ribs, is able to simultaneously participate in expiration by depressing the ribs. These 

findings further suggest that when the forces required for simultaneous antigravity and 

breathing functions are complimentary, (e.g., in the same direction), motor units can 

increase their frequency of firing to produce additional forces. 

Summary. These results suggest that the abdominal muscles and the medial ES 

may be tonically activated during the resting sitting position. It also suggests that trunk 

muscles may receive rhythmical excitation related to the phase of respiration (inspiration 

or expiration). This may affect its recruitment for voluntary tasks (Hodges et al., 1997). 

For this reason, subjects were required to refrain from breathing throughout the 

performance of the task. Second, phasic muscle activity related to expiration is most 

likely to be found in the lateral locations of the abdominal muscles and ES. Therefore, 

these locations, because of their participation in both antigravity functions and breathing 

functions, were good candidate muscle sites for finding a linear EMG response during 

simultaneous trunk and breathing tasks. 



Expiratory Efforts 

In contrast to quiet expiration, vigorous voluntary expirations require the generation 

of active muscle forces in many or all the expiratory muscles, including the lateral 

abdominal and ES muscles. The synergistic relationship between the internal intercostal 

and the abdominal muscles during expiratory efforts has been well described (Campbell, 

Agostoni, & Davis, 1970; Murphy et al., 1959; Tokizane et al., 1952). Expiratory 

activity occurs throughout the internal intercostal muscles, spreading ffom the lower 

spaces upwards (Murphy et al., 1959; Taylor, 1960) and in all lateral abdominal muscles, 

increasing and reaching its maYiTnnm at the end of expiration (Campbell, 1952; De 

Troyer et al., 1990; Goldman et al., 1987). The diaphragm is not activated unless 

particularly low lung volumes are reached (e.g., end of a maximum expiration) (Agostoni 

& Torn, 1962). 

The role of the ES during expiratory efforts, as well as their degree and pattern of 

activity during expiratory efforts is more controversial (Campbell et al., 1970; Cresswell 

et al., 1992; Cresswell & Thorstensson, 1989; Tokizane et al., 1952). Two studies have 

investigated the relationship between abdominal and ES muscles during a Valsalva 

maneuver (i.e. subjects were told to bear down with the glottis closed; Cresswell et al., 

1992; Cresswell & Thorstensson, 1989). Subjects performed either a sustained 2-sec 

maximal Valsalva maneuver or a series of pulsed Valsalva maneuvers (timed with a 

metronome) to three levels of intra-abdominal pressure (75,50,25% of maximum). 

Results from these studies showed that the ES are co-active with the lateral abdominal 

muscles during Valsalva maneuvers and that all three lateral abdominal muscles are 

similarly active in both phase and amplitude. The following section will discuss what is 

known about how each muscle of these muscle groups fimctions individually during 

expiratory efforts. 



48 

Abdominal muscles. The onset of abdominal muscle activity is dependent upon 

lung volume, so that the smaller the volume of air in the lungs at the beginning of 

expiration, the earlier the onset of abdominal muscle activity (Campbell, 1952; Campbell 

& Green, 19S3a). This observation holds analogously for the internal intercostal 

muscles, which work as synergists with the abdominal muscles during static expiratory 

efforts (Murphy et al., 1959). For the purposes of this study, therefore, it is likely that 

both the lateral abdominal and intemal intercostal muscles (and other expiratory muscles) 

were active and contributed to the expiratory effort If the relative contribution fix>m the 

intemal intercostal muscles or other accessory expiratory muscles increased when the 

abdominal muscles were required to produce additional forces for a simultaneous trunk 

task, then the activity in lateral abdominal muscles may not have increased as predicted. 

Fortunately, direct physiological evidence exists to suggest that the relative 

contribution of the abdominal and intercostal muscles during static expiratory force 

generation may remain constant and that the activity in either muscle may simply increase 

proportionately when required to produce additional forces (i.e., for a second voluntary 

task). For example, in cats, if the pressure opposing expiration increases, the steady-state 

expiratory activity of the abdominal muscles increases proportionally (Bishop, 1963). In 

humans, if subjects hold their breath at different lung volumes, the integrated EMG of the 

intercostal muscles, displays an approximately linear relationship to the pressures 

developed at a given lung volume (Sears & Davis, 1968). Similarly, for lateral abdominal 

muscles during graded expiratory efforts in humans, the activity of the abdominal muscles 

also increases proportionally to the pressure exerted at a given lung volume (Campbell & 

Green, 1953a). This evidence suggests that it is important in the design of a study such 

as the present one to hold the initial lung volume and the pressure target constant across 

trials so that the net contribution of muscular forces to the expiratory effort does not 

change. This allows the prediction that the amount of lateral abdominal EMG activity 
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during an expiratory pressure effort is similar across trials, and simply increases when 

required to produce additional forces for the second voluntary task. 

Functional significance of abdominal muscle activity. There can be at 

least two mechanical consequences of abdominal muscle contraction as it relates to 

expiratory efforts: an increase in intra-abdominal pressure and changes to chest wall 

shape (i.e. rib cage and abdomen; Agostoni & Mognoni, 1966; De Troyer et al., 1983; 

Mier et al., 1985; MUic-Emili, Orzalesi, Cook, & Turner, 1964). The influence of a 

change in chest wall shape on the pattern of activity of trunk muscles during voluntary 

trunk and breathing tasks is unknown. Since both the joint and muscle receptors should 

sense the deformation of the chest wall occurring during expiratory efforts, the 

information sent by these receptors could alter the pattern of activity of trunk muscles. 

The information may also alter the pattern of activity in trunk muscles in another part of 

the chest wall or even change mechanical relationships among muscles in another 

location. This could possibly change relationships among muscles, their recruitment 

thresholds, and their degree of contribution when required to participate in another 

voluntary task simultaneously. This is an aspect of the study that was not controlled in 

the design. 

Chest wall shape also changes by requiring subjects to maintain or assume different 

trunk angles across experiments. The deformation of the chest wall occurring during 

these static or dynamic trunk tasks may also alter the pattern of activity of trunk muscles. 

This was partially controlled in the experimental design by matching the trunk angles and 

aligiunent of subjects during the individual expiration task to the starting or final trunk 

angles in the combined task. It is also possible that activation of the trunk muscles to 

perform the trunk tasks may result in deformation of the chest wall and also alter the level 

or pattem of expiratory-related muscle activity. In this case a linear addition should not 
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occur in the combined task. This is one variable that could only be partially controlled by 

matching trunk angles across tasks. 

Back muscles. Two studies have investigated the EMG activity of the ES 

muscles during expiratory efforts (Campbell et al., 1970; Tokizane et al., 1952). In both 

studies, EMG activity from the lumbar region was recorded with needle electrodes at 

different distances from the vertebral spine. Tokizane et al. reported that the tonic 

discharge intervals of single motor units in the lateral ES muscle shortened and that new 

motor units were recruited during forced expiration as coQ^)ared to quiet breathing. 

Campbell reported a marked increase in EMG amplitude in the lateral ES muscles. 

Furthermore, Campbell related the onset of ES activity to the expiratory pressures 

generated. He found, as with the lateral abdominal muscles, that during graded 

expiratory efforts, the activity of the lateral ES increased proportionally to the pressure 

exerted at a given lung volume. In sunmiary, both smdies showed that activity related to 

expiratory efforts occurs in the lateral portion of the ES. 

Fluictional significance of back muscle activity. Unlike the abdominal 

muscle contribution, the mechanical consequence of ES activity to expiratory efforts is 

relatively unknown. At least two hypotheses exist: (1) activity from the ES fimctions as 

an antagonist to other expiratory muscles to preserve posture and oppose any forces other 

than gravity that would tend to flex the trunk (Cresswell & Thorstensson, 1989) and; (2) 

activity from the ES acts synergistically with other expiratory muscles to help depress the 

ribs and raise intra-abdominal pressure (Campbell et al., 1970). The first hypotheses is 

brought into question by my own pilot work which has shown that ES activity persists 

when subjects are supine, a position that should not require muscle activity to compensate 

for flexor torques generated by the expiratory efforts. Further evidence comes from the 

wodc of Cresswell and Thorstensson while subjects performed maximal Valsalva 

maneuvers while side-lying on a dynamometer table that measured flexor or extensor 
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torque about the L2-3 vertebral axis. They showed that even when zero flexor torque was 

recorded, ES activity persisted (Figure 2, their p. 1241). 

The second hypothesis suggests that the ES is recruited actively to work 

synergistically with the abdominal muscles to contribute to expiratory pressure generation 

and that its activity is not related to posture or antagonistic fimctions. Though this has not 

been shown directly to be the case for expiratory efforts, Cala, Edyvean, & Engel (1992) 

have shown that when sitting or supine, the thoracic trunk extensor muscles are recruited 

to work synergistically with the diaphragm and internal intercostal muscles during graded 

inspiratory efforts, increasing their integrated EMG activity with increasing inspiratory 

pressures. These authors propose that the ES function to oppose forces that are 

transmitted to the spine via the costovertebral and costotransverse articulations of the ribs, 

forces that would promote spinal and complete trunk flexion. This suggests that instead 

of responding to destabilizing flexor torques, the ES muscles are proactive, working 

synergistically with pressure generating muscles during breathing efforts to prevent these 

anticipated destabilizing forces from running their course. 

Rationale for Inclusion of Expiratorv Efforts in Studv 

An expiratory effort was selected to represent the breathing task in this study for 

several reasons. First, this type of breathing task can be performed separately and in 

combination with sagittal plane trunk tasks, and it activates many of the same muscles. 

Second, the abdominal and ES muscles are co-activated dtiring expiratory efforts and their 

amplitude can be controlled by reqiiiring subjects to achieve constant pressure targets 

from a given lung volume. The muscle activity pattem for this task is distinct enough, 

therefore, to be recognized and studied when combined with a sagittal plane trunk task. 

Third, because this task produces co-activity of the abdominal and ES muscles in upright 

and supine positions, it will assumed for this studyl that these muscles are activated 

synergistically to produce forces for the breathing task such that the amplitude and 



duration of the EMG is prepared in advance as a "package" or plan. Hence, the test for 

the linear model prediction for isometric and uni-diiectional trunk tasks was that EMG 

would add (quantitatively). 
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3. METHODS 

Each aim was treated as a separate experiment All subjects participated in four 

experiments which were performed in one session. Each experiment included the 

following three tasks: Task A — the individual expiration task. Task B — the individual 

trunk task, and Task C — the combined task. The experiments were named according to 

which muscle group was expected to be activated as a prime mover (to hold the trunk 

against gravity) or an agonist (to initiate movement) during the different individual trunk 

tasks. 

#I - Isometric Trunk Flexor Experiment 
#2 - Isometric Trunk Extensor ^periment 
#3 - Uni-directional Trunk Flexor Experiment 
#4 - Uni-directional Trunk Extensor Experiment 

The order of the experiments was the same for all subjects. Experiments that 

required the subject to lean forward were performed first (Experiments 2 & 3), those that 

required the subject to lean backward were performed second (Experiments 1 & 4). For 

each direction, forward or backward, the subject always performed the experiment 

requiring an isometric trunk task first 

This chapter will describe those procedures that were similar across all experiments. 

Specific tasks related to each experiment will be described prior to presenting the results 

of the isometric and uni-directional experiments in chapters 4 and 5, respectively. 

Subjects 

Six healthy men were recruited for this study fix)m among university students and 

the local community. Subjects were paid $ 10/hour for their participation. All subjects 

passed the criteria for acceptance into the study as determined by the investigator, a 

licensed physical ther^ist through an oral questionnaire (Appendix A) and a physical 

screening (Appendix B). Subjects were: (a) male (b) between 18 and 30 years old, (c) 

with minimal body fat (d) without history of major surgery of the head, neck, or torso. 
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(e) without history of neurological impairments, (f) ftee of allergies or upper respiratory 

infections on the day of smdy, (g) nonsmokers, (h) without back or other joint pain 

secondary to arthritis or injury, and (i) without range of motion limitations or skeletal 

deformities. 

The subjects age, height, and weight ranged from 23 to 29 years, 152 to 177 cm, 

and 59 to 76 kg, respectively. Two subjects were competitive cyclists and the other four 

subjects participated in weight lifting or aerobic exercise 3 to 5 days a week. Prior to their 

participation in the data collection sessions, subjects were informed of the purpose of the 

study and fiilly informed of the specific experimental procedures. Each subject signed a 

human subject consent form in accordance with The University of Arizona policy. 

Tasks 

The subject was seated for each of the experiments. For the trunk task, the subject 

performed one of four sagittal plane trunk tasks. These included two isometric trunk 

tasks designed to activate tonically either trunk flexor or extensor muscles (Experiments 1 

& 2) and two uni-directional trunk tasks designed to reciprocally activate trunk flexor and 

extensor muscles (Experiments 3 & 4). Isometric trunk tasks were chosen to test the 

prediction in the most straightforward task where EMG and force relations have been 

found to be relatively linear (Andersson et al., 1977,1983, 1986; Lavender et al., 1994; 

Schultz et al., 1982a, 1982b; Seroussi & Pope, 1987; Tan et al., 1993). It also permitted 

a test of the prediction in both directions, with either a trunk flexor or extensor 

participating as a prime mover to hold the trunk against gravity. Uni-directional tasks 

were chosen because trunk muscles are activated reciprocally allowing the prediction to be 

tested with a more complex temporal muscle activity pattem with trunk flexors and 

extensors fimctioning as agonists or antagonists. Uni-directional trunk tasks (vs. bi­

directional or cyclic) were chosen after pilot studies showed that during the combined 



55 

task, uiii-diiectional trunk tasks allowed subjects to perform the expiration task without 

substantial changes in limg volume and with greater success at meeting criteria for an 

acceptable trial. 

For the expiration task, the subject performed two consecutive expiratory efforts 

against a partially obstructed mouthpiece. Expiratory efforts were matched to a pre­

selected target pressure displayed on an oscilloscope screen directly in front of the 

subject These expiratory efforts were performed at a rate of 2/sec as paced by a 

metronome. The subject performed the expiration task with the trunk supported in either 

trunk extension or flexion or with the trunk unsupported in the start position, depending 

upon the individual trunk task (see Procedures section). 

An expiratory effort was selected for this task because (a) it could be performed 

separately and in combination with sagittal plane trunk tasks, (b) the amplitude of muscle 

activity for a given pressure from a given lung volume was consistent (Campbell & 

Green, 1953a), (c) it activates many of the same muscles as do sagittal plane trunk tasks 

(Andersson et al., 1974a, 1974b; Crennaet al., 1987; Oddsson & Thorstensson, 1987), 

and (d) trunk flexors and extensors are co-activated (Cresswell & Thorstensson, 1989). 

A rate of 2/sec was chosen because a previous study (Stetson, 1952) and pilot work 

showed that at a higher rate, the abdominal muscles ceased pulsing and began to activate 

tonically. In addition, the rhythmic burst of expiration-related EMG provided a distinct 

activity pattern that could be clearly identified. 

For the combined task, the subject performed both the trunk task and the expiration 

task simultaneously. For each experiment, the subject always performed the tasks in the 

same order the trunk task, the expiration task, and lastly, the combined task. This 

maximized potential learning effects in the combined task by giving the subject an 

opportunity to practice each of the individual tasks before being required to perform them 

simultaneously. 
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Experimental Apparatus 

The subject was seated on an adjustable height bench with no back support. The 

height of the bench was adjusted to achieve a 90° angle at the knee. Movement of the 

trunk, head, and shoulder were unrestrained but the subject was instructed to look straight 

ahead, keep his hands clasped together, and keep his feet on the floor without moving 

them during trials. A seated position was chosen to limit movement of the pelvis and 

lower extremities and to reduce trunk rotation or lateral movements. This is similar to the 

effect of restraining the pelvis in studies with subjects standing and resisting loads in 

different postures and directions (Anderson et al., 1977; Seroussi & Pope, 1987; 

Zetterberg et al., 1987). Hand position, knee angle, and foot position was controlled 

because it has been found to influence the level of EMG in the trunk extensors in standing 

and sitting (Andersson et al., 1974a, Jonsson, 1970; Nachemson, 1966). No back 

support was provided because experiments required subjects to move in both directions 

and to assume a consistent upright sitting posture prior to every trial (see Procedures). 

The final target position was controlled by requiring the subject to bend forward or 

backward until his trunk made physical contact with a foam wedge set at a height and 

distance to ensure that the subject achieved the desired trunk angle. This also provided a 

physical cue so that subjects maintained a straight spine and moved primarily in the firontal 

plane without rotating their shoulders during the task (confirmed in pilot studies). The 

foam wedge was supported on a wooden platform and surrounded posteriorly by a metal 

frame. This wooden support platform could be adjusted in vertical height by sliding it 

along the length of two stationary poles and locking it in place. This entire trunk support 

apparatus was mounted on a 12' by 5' sheet of plywood so that there was no movement 

of the apparatus when subjects were leaning their trunks onto the foam wedge during the 

supported conditions. The height of the foam wedge was adjusted for each subject so that 
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it made contact on the back or chest at approximately the T4 spinal level and the subject 

could lean onto, and relax into, the foam. 

Recordings 

A schematic diagram in Figure 3.1 shows the data collection system. iCinematic 

data were collected using a two-dimensional video recording set-up. Raw surface EMG 

and oral pressure signals were recorded simultaneously and synchronized with the video 

camera images via an event synchronization switch. The EMG and oral pressure signals 

were monitored on-line with a chart recorder (Western Graphtec WR7700, Irvine, CA). 

Once experiments started, EMG and kinematic data were collected continuously for the 

duration of all four experiments and stored on tape for later analysis. 

Kinemafir duta 

In preparation for kinematic recording, selected landmarks were marked with a skin 

pencil and the exact sites for reflective markers were determined. Reflective markers were 

taped onto the skin on the right side of the body at the following sites as illustrated in 

Figure 3.2: (a) spine ~ over the spinous processes at C7 and L3, (b) hip — over the 

greater trochanter, and (c) knee — mid-position over the articular cleft This is consistent 

with sites used in other kinematic studies of sagittal plane trunk movement in standing 

(Crenna et al., 1987; Thorstensson et al., 1985). The angle of the markers was adjusted 

so that they were in ±e sagittal plane and clearly visible from the camera perpendicular to 

the plane of movement. The markers over the spinous processes were often raised or 

lowered slightly if it was determined that the markers were going to hit against the trunk 

support device during the experiments involving trunk extension. The markers were not 

moved once the recording began. 

Kinematic data were recorded using a video camcorder (Panasonic AG 170, Irving, 

TX) with a shutter speed set at I/ICXX) sec. All sessions were recorded on VHS 
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videocassettes. The camcorder was set-up to collect trunk alignment and movement data 

&om a lateral perspective. The viewing field included the subject sitting on a stool, a 

black background, and a distance scale. The camera v^as leveled on a tripod, and the lens 

height adjusted to include the subject's extremities and head in the field of view. Subject-

to-lens distance was 18 feet and the focal length was adjusted to allow the largest image 

size possible. The camera remained stationary and orthogonal to the movement to 

minimize perspective errors in identifying joint markers. Two halogen lamps, placed at 

45 degree angles to either side of the subject illuminated the viewing field and insured 

good visibility of the reflective markers in the sagittal plane. 

The camcorder was synchronized with the acquisition of EMG and oral pressure 

data by means of an event-synchronization switch, manually triggered by the investigator 

in concurrence with the verbal instruction "go" to the subject The switch simultaneously 

activated a light emitting diode (LED) present in the video field of view and generated a 

DC voltage that was recorded on a channel of the Sony PCM recorder (PCI 16, Montvale, 

NJ) also used for recording the EMG and oral pressure signals (figure 3.1). The 

kinematic records from the first video frame displaying the LED in the kinematic records 

were then correlated in time with the onset of the DC voltage trace on the EMG and oral 

pressure recordings. These event markers provided a reference for identifying the onset 

of trunk movement in the EMG and oral pressure data (see Analysis of EMG section). 

Oral pressure data 

Oral pressure (Pq) was sensed with a catheter inserted through a mouthpiece and 

behind the lips and connected at the other end to a pressure transducer (Validyne MP45-

871, Northridge, CA) with a sensitivity of ± 140 cm H2O. The opening of the 

mouthpiece was partially obstructed with a cork which contained a small hole designed to 

guard against the subject "puffing" his cheeks to raise oral pressure. A carrier amplifier 
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(Validyne PS238, Northridge, CA) was used to amplify the pressure signal. A 

manometer was used to calibrate the signal at the beginning and end of each session. 

The pressure signal was recorded on one channel of the Sony PCM recorder and 

stored on digital audio tapes (DAT) for later analysis. In addition, the pressure signal was 

displayed on one channel of a chart recorder and on an oscilloscope (Tektronix Type 565, 

Beaverton, OR) (figure 3.1). The chart recorder allowed on-line monitoring of the 

pressure signal by the investigator while the oscilloscope provided on-line visual feedback 

to the subject to assist in producing target Pq 

Electromyographic Hafa 

Surface electrodes were used to collect EMG activity of representative trunk flexor 

and extensor muscles. Self-adhesive Ag/AgCl bipolar electrodes (Medi-Trace, Graphic 

Controls, Buffalo, N.Y.) with a detector surface diameter of 10 mm were taped to the 

skin directly over the target muscles with an inter-electrode spacing of 2.5 cm. Any hair 

at the electrode site was shaved to minimize extraneous noise (i.e. reduce electrical 

resistance) and reduce discomfort to the subjects when the electrodes were removed. 

Prior to electrode application, the skin was lighdy abraded and cleaned with 95% ethyl 

alcohol. A common ground electrode was placed ipsilateral to the active electrodes 

directly overlying the right acromian process. This more distant location, away from the 

active electrodes and closer to the heart, was chosen to increase the size of the heartbeat so 

that it would be easier to identify and subtract from individual trials in the analysis. 

EMG data from trunk flexors and extensors were collected from one side of the 

body (right) because no significant differences have been found in muscle activation 

between the right and the left side of the body in symmetrical sagittal plane postures or 

movements in standing or sitting (Andersson & Ortengren, 1974; Jonsson, 1970; 

Seroussi & Pope, 1987). A pilot study conducted by the investigator also indicated that 

EMG recordings were essentially identical for the left and right sides during the trunk and 



expiration tasks of this study. Symmetrical alignment (no trunk rotation) was controlled 

in this project by requiring subjects to assume a consistent spinal alignment prior to each 

trial and to maintain this alignment while making contact with both shoulders with a foam 

wedge with their head facing forward. Trials that did not meet this criterion, were 

eliminated. 

The location of electrode sites for recording firom trunk muscles is described below. 

The electrodes at all sites were positioned parallel to the most superficial muscle fibers 

under the detection surfaces. To monitor trunk extensor muscle activity, EMG was 

recorded from a medial and lateral location in the lumbar region of the back. The medial 

trunk extensor will be abbreviated as TrExtMed, and the lateral trunk extensor will be 

abbreviated as TrExtLat. Electrodes representing trunk extensor muscle activity from the 

medial location (TrExtMed) were placed at L4; as defined by the vertebral spinous 

process, 2 cm lateral from the mid-line (Hodges & Richardson, 1997) and electrodes 

representing trunk extensor muscle activity from the lateral location (TrExtLat) were 

placed at L3,6 cm lateral from the mid-line (Andersson et al., 1974). The TrExtMed 

electrode location was chosen to record primarily from a deep midline trunk extensor 

(multifidus) that extends vertically from the transverse processes of the lumbar vertebrae 

to the spinous processes of vertebrae 2-3 segments superior. The multifidus muscle is 

superficial in this region and underlies the tendinous origin of the erector spinae muscle 

fibers. The TrExtLat electrode location was chosen to record primarily from a more 

superficial trunk extensor (iliocostalis lumborum) that extends vertically from the iliac 

crest and crosses several vertebral joints to attach on ribs 5-12. The iliocostalis lumborum 

muscle is superficial in this region and lies direcdy under the thoracolumbar fascia. 

A medial and lateral electrode location was chosen for the trunk extensors because 

studies have shown that individual back muscles contribute to tasks differentially. During 

sagittal plane trunk movements in sitting and standing, bipolar wire electrodes inserted 
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bilaterally into medial and lateral muscles in different regions of the back showed that all 

portions of the back muscles are active at the same time for movements in the sagittal 

plane (Morris, et al., 1962; Andersson et al., 1974). Activity of the medial muscles was 

not always directly related to movements of the vertebral column while activity of the 

lateral back muscles was more directly related to movements of the vertebral colunm 

(Donisch & Basmajian, 1972; Jonsson, 1970; Pauly, 1966). From these findings, 

several authors have suggested that deep back muscles are activated to perform small 

adjustments between individual vertebrae, while the more superficial back muscles 

perform movement of the whole vertebral column. 

During voluntary expiratory^nspiratory tasks, intramuscular recordings fix)m 

medial and lateral back muscles showed that medial back muscles were activated during 

forced inspiration and that the lateral back muscles were activated during forced expiration 

(Campbell, 1970; Tokizane et al., 1952). In my own pilot work however, using surface 

EMG, both the medial and lateral electrode sites were found to be coactive during the 

expiratory task used in this study. This is in agreement with two other studies, one that 

used surface electrodes (Cresswell & Thorstensson, 1989) and one that used bipolar fine 

wire electrodes (Cresswell et al., 1992) during Valsalva maneuvers (expiratory efforts 

with the larynx closed). 

To monitor trunk flexor muscle activity, EMG was recorded from an upper and 

lower location in the lateral abdominal muscles. The lateral abdominal muscles are 

layered muscles consisting of the external oblique, internal oblique, and transversus 

abdominis. The upper lateral trunk flexor will be abbreviated as TrFlexUpp, and the 

lower lateral trunk flexor will be abbreviated as TrFlexLow. Electrodes representing 

muscle activity from the upper lateral abdominal muscles (TrFlexUpp) were placed mid­

way between the anterior superior iliac spine (ASIS) and the caudal border of the rib cage 

in the mid-axillary line, and the electrodes representing muscle activity for the lower 



62 

lateral abdominal muscles (TrFlexLow) were placed 3 cm medial and 3 cm inferior to the 

ASIS. The TrHexUpp electrode location recorded primarily from the external oblique 

muscle as it is the most superficial muscle in this area and the underlying internal oblique 

muscle fibers run perpendicular to the direction of the external oblique fibers at this 

location, reducing the influence of cross talk activity from other muscles. The TrFlexLow 

electrode location recorded primarily from the internal oblique muscle as it is the most 

superficial muscle in this area, only covered by the external oblique aponeurosis (Strohl et 

al., 1981). It is possible that the transversus abdominis muscle also contributed to the 

activity recorded from the TrFlexLow site as these fibers lie under the internal oblique 

muscle and have similar origin and insertion in this area. (Carman et al., 1972; Hoyd & 

Silver, 1950). 

An upper and lower lateral abdominal electrode location was chosen because studies 

have shown regional differences in activation (Abe, Kusuhara, Yoshimura, Tomita, & 

Easton, 1996; Hodges et al., 1997; Hodges & Richardson, 1997; Oddsson & 

Thorstensson, 1987b; Strohl et al., 1981). During sagittal plane trunk postures and 

fiexion-extension movements in standing or sitting, lower abdominal muscles have been 

shown to be more tonically active than the upper abdominal muscles (DeTroyer, 1983; 

Oddsson & Thorstensson, 1990; Partridge & Walters, 1959). During expiration tasks 

similar to the one used in this study, recordings from intra-muscular electrodes inserted 

bilaterally into each of the three lateral abdominal muscles has revealed co-activity of the 

external oblique, internal oblique, and the transversus abdominis muscles (Cresswell et 

al., 1992; Goldman et al., 1987). In addition, my own pilot smdies testing many 

different surface electrode locations demonstrated that activity at these sites was greater 

than, and less affected by movement artifact than EMG activity at other abdominal 

electrode locations during trunk and expiration tasks specific to these experiments. 
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Surface EMG was chosen over intramuscular EMG for the following reasons. 

First, surface electrodes pick up activity from a large muscle volume and ±e main 

contribution to the signal is that of the superficial muscles. This allowed for the 

identification of changes in activity patterns of muscles in different regions of the trunk 

that may have met different biomechanical requirements. Second, it is difficult to isolate 

trunk muscle activity as trunk muscles do not have specific origins and attachments, they 

affect multiple structures, and they generate force cooperatively through attachments into 

fascia (Gracovetsky, 1990; Macintosh, Bogduk, & Gracovetsky, 1987; McGill & 

Nonnan, 1988; Tesh, Dunn, & Evans, 1987). These features suggest that different parts 

of the same muscle as well as different muscles within a region may be activated 

differentially. The use of wire electrodes for this study may have given estimates of 

activation levels that were less representative of the changes in muscle activity in different 

regions or within a single muscle (Andersson et al., 1974). 

For each EMG site, leads from the surface electrodes were fed to a differential 

amplifier (Grass 7P511, Quincy, MA) with a band-pass filter of 10 Hz to 1 kHz to reduce 

the effect of movement artifacts. The output of the differential anq)lifiers was recorded on 

four channels of the Sony PCM recorder and stored on DAT tapes for later analysis. This 

output was also displayed on the chart recorder so that the investigator could monitor the 

data on-line. 

Aiirfin Hsttst 

All experimental trials were recorded on the voice tracks of both the video and DAT 

tapes. This provided corrmientary describing the tasks, subject instructions, and any 

comments offered by the subject. 
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Procedares 

Subject preparation included an explanation of the experiments, adjustment of 

bench height and the trunk support apparatus, application of EMG electrodes and 

reflective markers, and verification of signals. Subjects were then trained in procedures 

for aligning the trunk before each trial, breathing during trials, performing the expiration 

task, and selecting a target pressure. This process took from 45 to 60 minutes. 

Procedures for aligning tha trunk before trials 

Once subject preparation was complete and judged satisfactory, the subject was 

instructed in how to assume what hereafter will be called the start position. This practice 

established a consistent initial configuration of the subject's trunk and extremities from 

trial to trial. To assume the start position, as defined by Andersson et al. (1974), subjects 

were instructed to "sit upright with their weight directiy over their buttocks with the back 

straight and the eyes directed forwards" (p. 77). In this position, the center of gravity is 

above the ischial tuberosities and the feet transmit about 25 per cent of the body weight to 

the floor (Andersson et al., 1975). The subject was instructed to clasp his hands together 

to prevent helping to support the trunk by pushing down on his lap or the chair. When 

holding or moving the trunk forward, hands were clasped in the lap, when holding or 

moving the trunk backward, hands were clasped behind the back. The subject assumed 

the start position prior to every trial upon the instmction to "get ready." 

Procedures for breathing during trials 

Between aU trials and tasks, the subject was instructed to breathe normally. Prior to 

the beginning of each trial, the investigator gave the subject instructions to "get ready." 

The subject was then instructed to assume the start position, to exhale to their resting-

expiratory level (REL), and then to stop breathing. In trials that did not require expiratory 

efforts, the investigator then gave the instmction to "go" and the subject performed the 

trial while holding his breath. The purpose of breathholding at REL was to control the 



65 

influence of lung volume and/or respiratory cycle on the threshold of recruitment and 

activity levels in trunk muscles (Bishop, 1964; Cala et al., 1992; Hodges et al., 1997; 

Rimmer et al., 1995). In trials that required expiratory efforts, lung volume changes were 

minimized by partially obstructing the airway and keeping trials short (-1 sec). At the 

end of the trial (-1 sec) the subject was given a verbal signal to resume normal breathing. 

Procedures for the expiration task and selection of Target 

While sitting in the start position, the subject was instructed in making expiratory 

efforts against a partially obstructed mouthpiece while wearing noseclips to prevent air 

leakage from the nasal passages. To select the target Pq, the subject performed a series of 

expiratory efforts at a rate of 2/sec matching his efforts to a target Pq level (between 10-70 

cm HjO) displayed on an oscilloscope in front of hinL Target Pq levels were increased in 

increments of 10 cm H^G while the EMG output from trunk muscles was monitored on 

the chart recorder. A target Pq was selected based on the following criteria: (a) it 

produced EMG signals that were large enough to be detected above baseline, (b) it could 

be performed 80% of the time within ± 5 cm HjO, and (c) the subject felt that he could 

produce the pressure comfortably for the duration required for all four experiments. 

Target Pq ranged from 30 to 50 cm HjO across subjects. Only one subject (S3) requested 

that we adjust his target Pq after completing the first experiment because he felt it would 

be easier to produce a slightly larger Pq for the duration of the other three experiments. 

The expiration task was performed in different trunk positions to try and match the resting 

length (isometric experiments) and/or anti-gravity muscle requirements (uni-directional 

experiments) required during the combined task because this could affect the amplitude 

and timing of the expiration-related activity. 
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Specific procedures for each task 

At this point, the subject was introduced to the trunk task for the first experiment. 

Specific task descriptions for each experiment are discussed at the begiiming of their 

respective Results chapters. The subject was trained by the investigator at the begiiming 

of each new task using feedback (i.e., verbal, visual, auditory, physical cues) to help him 

perform the task to meet criteria. He was allowed to rest between trials and tasks as he 

needed. In addition, he was given a 15 minute rest half-way through the experiments to 

allow the investigator to move the experimental apparatus for the new target trunk 

direction. Total time for all four experiments never exceeded 4 hours. 

Data Analysis 

For all experiments, trials were selected for EMG analysis if they met the following 

kinematic and criteria: (a) consistent initial start position alignment, (b) attainment or 

maintenance of designated target trunk angles, (c) trunk movements completed in 1 sec (± 

200 msec), (d) Pq pulses completed in 1 sec (± 200 msec), (e) Pq peaks within ± 5 cm 

HjO of target Pq and (f) Pq valley between the two peaks fell to < 15 cm HjO. The 

following section will explain what kinematic and Pq measurements were used to 

determine if these criteria were met It will also include the EMG processing that occurred 

and a description of the techniques used to construct the predicted trace. 

Determining Acceptable Trials 

Qualitative criteria 

The investigator and two assistants qualitatively assessed the kinematic and 

pressure data at the time of data collection. For a passing score, the investigator and both 
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assistants had to agree that kinematic and pressure criteria had been met, if they did not all 

agree, the trial was scored as not passing or questionable. The objective was to acquire a 

minimum of seven acceptable trials on each task that could be further analyzed 

quantitatively. 

Kinematic Criteria 

To substantiate that the qualitative assessment was adequate for determining if 

kinematic criteria were met, one subject's entire set of experiments was digitized (SI). 

Videotapes were visually examined by the investigator and the initial and final trunk 

alignment was again qualitatively assessed on each trial to verify that the subject's hips, 

knees, and feet remained in the same position throughout the trials. Isometric tasks were 

checked to confirm that the subject's trunk remained in the same position during the 

holding task. Uni-directional tasks were checked to confirm that the subject contacted the 

foam and performed the trunk movement maintaining consistent alignment across trials. 

The results of the visual examination were in agreement with the qualitative assessment 

and no inaccurately judged trials were identified. 

Kinematic data were analyzed using computer software (PeakS Performances 

Technologies, Inc., Englewood, CO) to detect the location and to calculate the center of 

each reflective marker. The x and y coordinates generated for each marker in the field of 

view were analyzed at a sample rate of 16.7 msec (60 fields per sec). The resulting body 

segment angles were calculated as described below and illustrated in Figure 3.3 and then 

stored in a spreadsheet program. 

(a) Trunk Angle: includes angle between a line connecting C7 and L3 markers on 
^e spine and a line horizontal with respect to the floor. 

(b) Hip Angle: includes angle between a line connecting the hip and knee 
markers and a line honzontd with respect to the floor. 

To determine if the first kinematic criterion (consistent initial start position 

alignment) had been met, trunk and hip angles measured for each trial at die first video 



frame were compared across trials. The trunk and hip angles from the first trial were used 

as reference angles for all the following trials. A trial was rejected if either body segment 

angle deviated more than ± 10° from the established reference angle. Trunk angle data 

were further used to determine if the second kinematic criterion of maintenance or 

attainment of target trunk angle was met The trunk angle from the first trial in which the 

subject successfully made contact with the foam wedge was used as the reference target 

trunk angle for all the following trials. For isometric trunk tasks, a trial was rejected if at 

any time during the 1.5 sec holding phase the trunk angle deviated by more than ± 10° 

firom the reference target trunk angle. For uni-duectional trunk tasks, a trial was rejected 

if the mayimiifn trunk angle attained in any trial deviated by more than ± 10° fit>m the 

maximum reference target trunk angle. 

For uni-directional trunk tasks, each trial had to meet the third kinematic criterion 

that trunk movements were performed in time with the metronome liiythm (1/sec). A trial 

was rejected, therefore, if ±e movement duration deviated from 1 sec more than ± 200 

msec as determined by the onset/offset of trunk angular velocity. Trunk angular velocity 

was calculated from the trunk angular displacement data. The time of onset/offset of 

trunk angular velocity was measured by hand for each trial using a computer cursor 

program and recorded manually. Criterion for determination of velocity onset and offset 

was when the subject reached 10% of maximum velocity and when the velocity profile 

retumed to that level again. The time fix)m onset to offset of the trunk angular velocity 

was used to determine movement duration. 

The complete kinematic analysis for one subject's data revealed that for isometric 

and uni-directional experiments the criterion of consistent start position, maintenance of 

target trunk angle, and attainment of target trunk angle were consistently met on those 



trials that had been judged acceptable on-line. The trunk and hip angles were never found 

to vary by more than 5° for any criterion. The kinematic analysis was able to show that 

the criterion of movement duration was met with an acceptable number of trials (8-11) 

completed within ± 200 msec of the 1000 msec target duration. 

These findings suggested that this subject was able to perform all three tasks 

meeting the criteria set for initial start position alignment, attainment and maintenance of 

target trunk angles, and movement duration using established procedures for each 

experiment. For isometric experiments, the qualitative assessment by three investigators 

at the time of data collection was judged to provide an accurate assessment of the 

kinematic criteria and digitization of other subjects isometric trials was deemed 

unnecessary. For uni-directional experiments, digitization was necessary to acquire the 

trunk angular displacement and digitization of the trunk movements during uni-directional 

experiments would, therefore, be necessary for all subjects. 

Pressure criteria. 

The raw pressure signal that had been stored on tape was digitally processed using 

an A/D converter connected to a microcomputer sampled at 200 Hz. The raw data points 

(Pq in cm H2O) were stored in a spreadsheet program where they were later analyzed with 

a software program (IGOR Pro, WaveMetrics Inc.). The peak Pg for each of the 

expiration efforts was used to determine if the pressure criteria had been met. For all 

tasks involving expiration efforts, the peak Pq for each expiratory effort was compared to 

the pre-selected target Po(see Procedures section). A trial was accepted if the two 

consecutive Pq peak signals fell within ± 5 cm HjO of the pre-selected target Pq and the 

pressure between the two pressure peaks fell to < 15 cm HjO. 
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Analysis of EMG 

The band-passed, amplified EMG signals stored on DAT tapes, were digitally 

processed using an A/D converter connected to a microcomputer. For each individual 

trial, four channels of EMG were sampled at 200 Hz (concurrendy with the Pq signal). 

Sampling began with the onset of the '*go" signal and continued until the entire task had 

been completed. The data points were stored on a 128 MB optical disk until they were 

later analyzed with a software program (IGOR Pro, WaveMetrics Inc.). 

Heartbeat Removal 

The EMG signals contained electrocardiographic signals. It was necessary to 

subtract the heartbeat prior to analysis. Because the heartbeat signal differed according to 

recording site and trunk position, a representative averaged trace of the heartbeat was 

constructed for each site when the trunk was supported in the target position and the 

muscles were at rest Using IGOR Pro software, 10 individual heartbeat traces were 

identified in the filtered, amplified EMG data, lined up by the largest peak, and averaged. 

This was done for each EMG site in each target position. 

Figure 3.3 illustrates how this representative averaged heartbeat trace was 

subtracted from the raw, unrectified data at each heartbeat location within each trial by 

lining up the largest peaks. Sometimes, high levels of trunk muscle activity related to 

sitting in the start position or to performing a specific task interfered with the clear 

identification of the location of the heartbeat In these cases, the heartbeat signal did not 

interfere with interpretation of the data so no attempts were made to subtract After 

removing ±e heartbeat, data were rectified. 

Alignment nf Trials 

Either pressure onset or movement onset were used as alignment markers for 

individual trials. These signals were chosen because their onset was quite sharp, 

consistent and readily identifiable across trials and across subjects. For all expiration 
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raslcs and combined tasks, individual trials were aligned by Pq onset (the Sth sample point 

with a consecutive increase in pressure). Figure 3.4 shows five individual trials firom the 

TrFlexUpp site during an expiration task aligned by Pq onset The pressure traces are 

shown overlaid and are difficult to distinguish because of their similarity to one another. 

Trials were truncated to include 500 msec before Pq onset and 1500 msec after Pq onset. 

All trials were aligned similarly for each recording site. 

For all trunk tasks, individual trials were aligned by movement onset (location in 

time when 10% of maYiminn velocity was reached). Figure 3.5 shows the different 

methods used for aligning isometric vs. uni-directional trunk tasks. To illustrate the exact 

location of the data used for averaging, only one trial is shown. In figure 3.5A, an 

isometric trunk flexor task, four traces are shown of raw, rectified data, one from each 

electrode recording site. For all individual trials, EMG traces for each site were aligned at 

the start of the holding period, determined by the "go" signal. Trials from the individual 

isometric trunk tasks were truncated to include at least 15(X) msec of data from the onset 

of the holding period, established by the "go" signal. 

In figure 3.5B, the uni-directional trunk flexor task, the top trace represents the 

trunk displacement and the dotted vertical line identifies movement onset across the lower 

four EMG traces from each recording site. The location of movement onset was 

determined by noting the time of occurrence in reference to the "go" signal and finding 

this same location in the trunk angular displacement and EMG traces, which were also 

referenced to the "go" signal. Trials fix>m the individual uni-directional trunk tasks were 

truncated to include 500 msec before onset of velocity and 1500 msec after onset of 

velocity. 

Averaging 

Prior to averaging, it was necessary to first smooth the 6-11 individual trials for 

each task that had met the previously described criteria and been aligned and truncated. 



EMG traces were smoothed using a computer software program that averaged 15 points 

(75 msec) before and after each center point and the point itself. The amount of 

smoothing was determined during pilot work. Smoothed trials were then averaged. 

Pressure and trunk angular displacement traces were averaged without smoothing. After 

averaging trials, EMG values for all experiments were normalized to reflect a percentage 

of peak amplitude (% Peak). The peak was determined ftom the maximum recorded 

EMG value during the isometric experiments on any trial across all tasks for each subject 

Isometric experiments were chosen because the largest EMG values were typically 

recorded in these tasks. After normalization, the % Peak EMG activity levels could be 

compared within a subject, across uni-directional and isometric experiments for any one 

site. 

Baseline Extermination 

It is difficult to determine a quiet or zero level of EMG because trunk muscles often 

exhibited tonic activity. For this study, figure 3.6 shows a comparison of EMG levels 

during the supported resting condition and the upright sitting resting condition. For 

illustration, raw unprocessed individual EMG records from each recording site are 

shown. In this single trial, the activity levels appear generally lower while the trunk was 

"supported in flexion" than when the subject assumed the start position (upright sitting). 

This finding of lower levels of EMG activity in the supported condition was 

representative of all subjects. As a result, the trunk supported conditions were used to 

determine quiet levels of EMG. The "supported in extension" condition was used for 

isometric or uni-directional tasks requiring a subject to hold, or move into, trunk 

extension (Experiment 1 & 4). The "supported in flexion" condition was used for the 

isometric or uni-directional tasks requiring a subject to hold, or move into, trunk flexion 

(Experiment 2 & 3). 
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An average quiet level was obtained ficom a 50 msec window in the smoothed 

averaged trace for each recording site with the trunk supported. This average quiet level 

was then subtracted from the smoothed averaged EMG trace so that only activity above 

this baseline was further analyzed. Occasionally a subject would show activity levels 

during the experiment that were lower than quiet levels established during the supported 

condition. Subtraction of quiet levels in these cases would result in negative EMG 

values. This typically occurred for back muscles during experiments involving isometric 

trunk tasks. 

Construction of the Predicted EMG Trace 

To determine if the EMG recorded during the combined task represented a strict 

addition of the EMG associated with the two individual tasks, a point-to-point addition of 

the averaged EMG traces from the expiration task and the trunk task was executed. In 

experiments involving isometric trunk tasks, the expiration and trunk tasks did not require 

temporal aligimient because the EMG trace representing the isometric trunk task was 

tonic, related to holding the trunk against gravity. Consequendy, the EMG for the trunk 

task was simply added to the EMG for the expiration task, each aligned by the start of the 

averaged trace. Figure 3.7A shows how this point-to-point addition in an isometric trunk 

flexor experiment resulted in a new trace that represents what was called the predicted 

trace. A comparison of the predicted EMG trace and the measured EMG trace was then 

made. Figure 3.7B shows how the predicted trace was overlaid with the measured trace 

to allow direct visual examination of their similarity to one another. If a strict addition 

occurred the shape and timing of measured trace overlapped the predicted trace. 

In experiments involving uni-directional trunk tasks, the temporal aligimient of the 

expiration task and the trunk task needed to be established prior to performing a point-to-

point addition. The two tasks were referenced to each other by noting the difference 
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between movement onset and pressuie onset from individual trials during the combined 

task. Figure 3.8 illustrates for a single trial the method for referencing movement onset to 

the EMG and Pq traces during a combined task requiring a uni-directional trunk task. In 

this example, movement onset occurred before Pq onset and the difference between 

movement onset and Pq onset is shown as 130 msec. This difference was determined for 

each trial. Positive values indicated that movement onset occurred before Pq onset and 

negative values indicated that movement onset occurred after Pq onset. The onset 

differences from individual traces were then averaged. This averaged difference between 

movement onset and pressure onset was used to align the averaged trunk trace (movement 

onset) to the averaged expiration trace (pressure onset) for construction of the predicted 

trace (see figure 7B). 

Determination of Linearity 

To determine quantitatively how similar predicted and measured traces were to one 

another, the two traces were correlated point-to-point The correlation used in this 

maimer is a sensitive measure of shape and timing differences. The sensitivity of the 

correlation can be shown with several hypothetical cases. If the measured trace exactly 

matches the predicted trace, the data fit a straight line, with a high = 1.0 and a slope of 

1.0. For obvious shape differences (for instance, one trace fails to produce a second 

phasic burst), then the becomes weak (Fig. 3,9A, R^ = 0.60). However, the 

correlation can detect much smaller differences in shape. For instance, if the general 

shape is similar but the two traces vary moment-to-moment, as illustrated in Fig. 3.9B, 

the R^ value will be reduced (R? = 0.27). Finally, if there are differences in timing, such 

as one trace is delayed in relation to the other, the correlation plot results in a broadening 

of the data into circular patterns, and R^ will also be reduced (Fig. 3.9C, R^= 0.65). 
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Figure 3.1. A schematic diagram showing the data collection system. The subject is 
shown from the back viewing the oral pressure (Pq) signal on the oscilloscope. The 
video camcorder was positioned to record from a lateral perspective. Pq and surface 
EMG signals were recorded simultaneously and stored in the PCM recorder while at the 
same time being viewed on-line on the chart recorder by the investigator. An example of 
raw, unrectified EMG traces and the raw Pq trace as viewed on the chart recorder are 
shown on the right. The event synchronization switch, triggered manually by the 
investigator at the verbal instruction to "go" to the subject, simultaneously activated a 
light present in the video field and generated a DC voltage on a channel of the PCM 
recorder. Abbreviations for muscle recording sites: TrFlexUpp (Upper Lateral Trunk 
Flexor), TrFlexLow (Lower Lateral Trunk Flexor), TrExtLat (Lateral Trunk Extensor), 
TrExtMed (Medial Trunk Extensor). 
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Figure 3.2. 
Location of reflective markers and calculation of body segment angles. 
Angles for trunk flexion and trunk extension were calculated from the 
horizontal reference (dashed line) in the coimterclockwise direction as 
shown in the inserts on the right. 
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Figure 33. Subtraction of heartbeat from EMG traces for each electrode recording site. 
The dashed trace shows the raw data before heartbeat removal. The solid trace is raw 
data after the heartbeat was subtracted. The figure to the right side of each trace shows 
the master heartbeat for that site. The master heartbeat was lined up to the identified 
heartbeat in the raw data by matching the largest peaks of the master with its correlate in 
the EMG record. The trace from the lower abdominal site (TrFlexLow) is an example of 
a heartbeat signal that could not be detected because of generally much higher levels of 
activity. No attempts were made to subtract out the hidden heartbeat from these 
locations. Subject 4 was performing the expiration task with his trunk supported in 
flexion. 
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Figure 3.4. Aligning individual trials by Pq. Five individual trials during 
the expiration task are aligned by Pq identified across traces by the solid 
vertical line. Traces shown only for the TrFlexUpp recording site. EMG 
traces are raw, rectified data with the heartbeat removed. Data are 
without the "go" signal and already truncated. The top traces are five 
overlaid pressure traces. Data are firom Subject 2. 

o 40' 
ac 20' 
B u 

100-

Pressure 
Pressure Onset Fiv^races Overlaid 

TrFlexUpp 

—jAw 
TrFlexUpp 

c 50 

S 100 TrFlexUpp 
« 50 

TrFlexUpp 

TrFlexUpp 

1000 
Time (msec) 

2000 



81 

Figure 3.5. Method for aligning individual trunk tasks. In (A), the isometric trunk 
flexor task, four EMG traces are shown of raw, rectified data, one from each recording 
site. For all individual trials, EMG traces for each site were aligned at the start of the 
holding period, determined by the "go" signal. The 1.5 sec of data during the holding 
period was truncated and used for analysis. Heartbeats were only removed from those 
locations within the holding period. In (B), the uni-diiectional trunk flexor task, the top 
trace represents the trunk displacement and the four EMG traces below are the same as 
in (A). The dotted vertical line identifies movement onset For all individual trials, 
EMG traces for each site were edigned at movement onset. Data are shown starting from 
the "go" signal because trunk angular displacement and EMG data had to first be 
correlated in time to the go signal before the location of movement onset could be 
identified in the EMG data. After aligning, trials were truncated (indicated by the zigzag 
lines). Data are from Subjects 3 and 2 in (A) and (B), respectively. 
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(A) Figure 3^. Method for aligning individual trunk tasks 

TrFIexUpp upright 
"start" 

"go" signal holdii returned to (ipright "start" position 

position 

It ,k li 

TrFlexLow 

o 30 

TrExtMed 

(B) 
VI 
§ 60 
§» 70 
Q 

100 
50' 

4000 6<700 
Time (msec) 

8000 lOOOO 

Movement Onset 
Trunk Angular Displacement \ 

cn 
•5 0 
:d 
« 50 

TrFIexUpp 

. TrFlexLow 

» 50 TrExtLat 

TrExtMed 

1000 2000 
Time (msec) 

3000 4000 



83 

Figure 3.6. Comparison of EMG activity levels during two different resting conditions: 
supported and upright sitting. Data are raw, unprocessed EMG from a single trial prior 
to the subject performing the isometric trunk flexor task. Lower levels of activity are 
shown in the "supported in flexion" position for the TrFlexLow, TrExtLat, and 
TrExtMed sites than in the upright "start" position. Activity levels are nearly equal for 
the TrFlexUpp site in this subject. Because the data were not collected sequentially, the 
two double slash lines delineate a temporal break. Data are from Subject 3. 
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Figure 3.7. Construction of the predicted EMG trace and comparison to the measured 
EMG trace. Figure 7A is a schematic illustrating how a point-to-point addition of the 
averaged EMG traces &om an individual isometric trunk flexor task and an individual 
pulsed expiration trace resulted in a new trace called the predicted trace. In figure 76, 
the predicted trace was overlaid with the measured trace. The location of pressure onset 
(solid vertical line) was used to align the two traces. Data are fiom Subject 2. 
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Figure 3.7. 
(A) Construction of tlie predicted EMG trace 
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(B) Comparison to the measured EMG trace 
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Figure 3.8. Referencing movement onset to EMG and Pq traces. Traces are 
from a single trial during a uni-directional combined task. Data are shown 
from the "go" signal with the location of movement onset denoted by the dashed 
vertical line to the left of pressure onset (solid vertical line). The difference 
between pressure onset and movement onset for each trial was averaged. This 
averaged difference was later used to align the averaged traces from the individual 
tasks to construct the predicted EMG trace. Subject is moving the trunk forward 
from "start" position. Data were later truncated (indicated by the zigzag lines) 
before averaging. Data are from Subject 2. 
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Figure 3.9. Hypothetical Correlations. To determine quantitatively how similar 
predicted and measured traces were to one another, the two traces were correlated point-
to-point. The sensitivity of the correlation is shown below with several hypothetical 
cases. On the left, are three examples of measured and predicted EMG traces and on the 
right are their corresponding correlation plots. Each trace on the left illustrates how a 
different variation in the measured trace may be reflected in the correlation plot The 
dark thick line represents the predicted trace and the light thin line represents the 
measured trace. The thin diagonal line across each plot illustrates what would be 
expected if the measured trace exactly matched the predicted trace and the data fit a 
straight line, with a high = 1.0 and a slope of 1.0. The top example, shows an 
obvious shape difference, for instance, the measured trace fails to produce a second 
phasic burst, and the becomes weak ( R^ = 0.60). The middle example, shows much 
smaller differences in shape, for instance, the general shape is similar but the two traces 
vary moment-to-moment, and again the R^ value will be reduced (R^ = 0.7). The 
bottom example, illustrates a timing differences, such as one trace is delayed in relation 
to the other trace. The shapes are otherwise, the same. This produces a correlation plot 
with broadening of the data into circular patterns, and the R^ will be reduced (R^ = 0.65). 
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Figure 3.9. Hypothetical Correlations. 
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4. RESULTS: ISOMETRIC EXPERIMENTS 

General Introduction 

Results involving isometric trunk flexor or extensor tasks (Experiments 1 & 2, 

respectively) are presented in this chapter. The results of each experiment are preceded by 

a description of the procedures specific to each of the tasks involved in that experiment. 

Subjects easily performed the isometric trunk tasks and the expiration tasks in either 

experiment with minimal practice; however, all subjects reported that the combined tasks 

were difficult to perform. Additionally, all but one subject reported that the most difficult 

combined task was expiration while holding the trunk flexed with the trunk extensors as 

in Experiment 2. Nonetheless, four subjects performed at least eight acceptable trials for 

each task (see criteria under METHODS). Two subjects performed only seven acceptable 

trials during the combined task in Experiment 2. The number of total trials (including 

acceptable and unacceptable) for each task ranged from 11 to 35. 

EMG was recorded from four sites (TrFlexUpp, TrFlexLow, TrExtLat, TrExtMed) 

in all subjects except Subject 1, in whom EMG was recorded only from the TrFlexUpp 

and TrExtLat sites. In Subject 4 during Experiment 1, a movement artifact appeared in 

the TrExtMed site, so it was not included in the analysis. 

Experiment 1 - Specific Task Procedures 

Individual Expiration Task 

The target position for the expiration task was with the trunk supported on a foam 

wedge at a trunk angle of approximately -20° extension from vertical. The subject was 

instructed to maintain the same alignment of the spine during this task as he would 
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of bursts occurred ~100 msec in advance of the onset of pressure pulses. The peak 

activity levels for bursts occurred 50 to 80 msec after each pressure pulse onset. 

Isometric Trunk Flexor Task 

Figure 4. IB contains representative data from the isometric tnmk flexor task. Once 

in the target position, all subjects showed an increase in abdominal activity (TrFlexUpp & 

TrFlexLow). The pattem of holding-related EMG activity in the abdominals showed a 

distinct tonic quality and was constant during the duration of the holding period. The 

mean level of activity for each subject was consistent across trials. Activity levels for the 

non-holding site, TrExtMed, were typically negligible. The non-holding site, TrExtLat, 

sometimes showed tonic levels of activity for the duration of the holding period as shown 

in figure 4. IB. 

Combined Task 

Figure 4. IC contains data from the combined task. The pattem of combined EMG 

activity resembled both individual patterns in all recorded sites: two expiration-related 

bursts superimposed on holding-related tonic activity. For the TrFlexUpp site, the two 

expiration-related bursts occurred on top of a relatively large tonic level of activity. For 

the TrExtLat, TrExtMed, and TrFlexLow sites, the two expiration-related bursts occurred 

on top of minimal or negligible levels of tonic activity that were very similar to the levels 

of activity in the individual isometric trunk flexor task. 

Measured EMG Trace Compared to Predicted EMG Trace 

Holding Site (TrFlexLow) - Qiialitarive Fmdings 

Figure 4.2 shows a comparison of measured and predicted EMG traces for 

TrFlexLow, a holding site. Upon visual examination, the shape and timing of the 
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measured EMG trace matched the shape and timing of the predicted EMG trace in all 

subjects. Two expiration-related bursts were evident above the initial tonic EMG levels. 

Despite the general similarities in shape, for three subjects, the initial tonic EMG levels 

and peaks of expiration-related bursts did not perfectly match and were decreased in the 

measured EMG trace. Nonetheless, correlations of the measured to predicted EMG traces 

showed values = .80 to .96 across the subjects. These initial results raised two 

issues; (a) the observed differences in the EMG traces (initial tonic EMG levels and peak 

amplitudes) did not ^pear to affect the values, and hence other measures needed to be 

used to reflect these differences, and (b) cut-off criteria of R^ values, initial tonic EMG 

levels, and peak EMG amplitudes needed to be decided to determine that EMG traces 

were essentially the same or different. As a result, fiirther post-hoc analyses were 

conducted. 

Post-hoc Analvsis 

Differences in initial tonic EMG levels. The differences in initial tonic 

EMG levels was first addressed. The EMG traces reflect the average values, but do not 

show the amount of variation. As a result, for each subject in Fig 4.2, the initial tonic 

EMG level was noted from each EMG trace at the time when the greatest difference 

occurred between the measured and predicted EMG traces during the 300 msec period 

before pressuire onset. These values, that represent the averaged initial tonic EMG levels, 

were plotted in relation to their standard deviation and are illustrated in Fig. 4.3. The 

initial tonic EMG levels appear obviously different for Subject 5, in agreement with visual 

inspection of the EMG traces in Figure 4.2. In contrast, for ail other subjects, initial tonic 

EMG levels stayed within the range of standard deviations. Hence, for this recording 

site, it appears that initial tonic EMG levels between measured and predicted EMG traces 

were only meaningfully different for one subject 
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To deteimine a cut-off criteria, the absolute difference in initial tonic EMG levels 

between the two EMG traces was determined for Fig 4.2. This difference value was then 

divided by the largest peak EMG amplitude that occurred for either EMG trace. This 

resulted in difference values of 9% for Subject 6 in Fig. 4.2 and 20% for Subject 5. 

Since Subject 6 showed an average initial tonic EMG level of the measured EMG trace 

that was just at the edge of the range of standard deviation of the predicted EMG trace, it 

was decided to use 9% as a cut-off. Hence, any EMG traces with difference values > 9% 

were considered meaningfully different. 

Differences in peak EMG amplitude of expiration-reiated bursts. In 

Fig 4.2, it is not clear if the differences in peak EMG amplimdes of the expiration-related 

bursts differ for Subjects 5 & 6 because of an offset created by the different initial tonic 

EMG levels or because peaks are truly different magnitudes. Therefore, in order to 

examine differences in the peaks, it was necessary to shift EMG traces with initial tonic 

differences, such that the measured and predicted EMG traces overlaid each other. In 

subsequent figures of measured and predicted EMG traces, traces are shifted when 

appropriate. If the measured trace was shifted up, the arrow will point up, if the 

measured EMG trace was shifted down, the arrow will point down. For any trace that 

was shifted > 9%, a cross symbol will be placed next to the arrow to indicate that this was 

a meaningfiil difference. This is shown for the TrFlexLow in Fig 4.4. After shifting, the 

peaks of expiration-related bursts were near perfectly matched in all subjects except 

Subject 4. Correlations were then calculated and scatterplots are illustrated in Fig. 4.5. 

In 4/5 subjects, the correlations revealed values from 0.8 to 0.96, with slopes near 

l.O. For Subject 4, the value was = .96, but the slope of 2.46 reflected the decreased 

peaks in the measured EMG trace in Fig. 4.4. 

To determine a cut-off criteria for slopes that would indicate meaningful differences 

in peak EMG amplitudes, the slopes were compared to the average peak values in relation 



to their standard deviation for both the measured and predicted EMG traces, and are 

illustrated in Fig. 4.6 for the TrFlexLow site. Peak EMG amplitudes appeared obviously 

different for Subject 4, in agreement with visual inspection of the EMG traces in Fig 4.4 

and ±e slope of 2.46. In contrast, for all other subjects peak EMG amplitudes stayed 

within the range of standard deviations and slopes were between 1.00 to 1.30. The same 

procedure was repeated for other electrode sites to find peaks that were greater in the 

measured than the predicted EMG traces. Through this comparison, a cut-off range for 

slopes was then chosen. Slopes that were between .5 and 1.5 indicate that peak EMG 

amplitudes are not meaningfiilly different between measured and predicted EMG traces. 

Slopes less than .5 and greater than 1.5 indicate that peak EMG amplitudes are 

meaningfully different between the two EMG traces. In subsequent figures, a "IdP' next 

to the subject label indicates that peak EMG amplitudes were different. 

Criteria for correlations. Although scatterplots in Fig. 4.5 looked linear and 

values were quite high, it was unknown what value of was needed to indicate that 

EMG traces were basically the same. Since previous studies have reported qualitative 

similarities, there was no precedent in which to determine a cut-off value. As a result, the 

data from this project were used. A ftequency distribution of all R^ values for the 

isometric and uni-directional experiments (a total of 86 values) was generated and 

shown in Figure 4.7. R^ values for each experiment showed a bimodal distribution. For 

the isometric experiments, a major grouping occurred with a peak at 1.0 and a minor 

grouping occurred with a peak at .6. For the uni-directional experiments, a major 

grouping occurred with a peak at .9, whereas the minor grouping occurred at .5. It was 

decided to be conservative and to choose a cut-off value of > .8 to represent EMG traces 

that were essentially the same. Measured and predicted EMG traces that are the same 

indicate that the measured EMG trace represents a linear addition of the two individual 
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EMG traces. EMG traces with values > .8 are indicated by an * next to the subject 

label. 

Holding Site (TrFlexUpp) 

Figure 4.8 shows a comparison of measured and predicted EMG traces for 

TrFlexUpp, the other holding site, and figure 4.9 shows the correlation plots for these 

subjects and the resulting regression equations and Revalues. In S/6 subjects, measured 

EMG traces were shifted (up in four subjects and down in one subject) by 13 to 21 % 

Peak- The initial tonic EMG level differences were meaningfid in all subjects. Upon 

visual examination, the shape of the EMG traces are similar in four subjects (S3-S6), but 

timing and EMG amplimde changes occurred in the measured EMG trace. The correladon 

plots for these four subjects showed low Revalues < .8. 

The other two subjects in figure 4.8 (S1 & S2), showed two different patterns for 

the TrFlexUpp site. In Subject I, the measured EMG trace gradually increased 

throughout the task and the largest peak occurred later in the task, after the expiration-

related bursts were completed in the predicted EMG trace. In Subject 2, the measured 

EMG trace showed two phasic increases, with decreased EMG between them. It is 

unclear whether the pattem represents a phasic peak decrease at the time of the predicted 

increased peaks or if it represented a large timing shift. The correlation plots for both of 

these subjects demonstrated low Revalues < .8 reflecting the marked difference between 

the two EMG traces. In conclusion, for this recording site, none of the subjects showed a 

linear addition (Revalues > .8). Despite no evidence of linear addition, both patterns 

were qualitatively superimposed (both patterns apparent) in four subjects. 

Non-holding Sites (TrExtLat & TrExtMedt 

Figure 4.10 shows a comparison of measured and predicted EMG traces for the 

TrExtLat site and figure 4.11 shows the correlation plots for these subjects and the 

resulting regression equations and Revalues. For Subjects 2 and 6, the measured EMG 
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trace was shifted 15 and 4 % Peak, respectively. The initial tonic EMG level difference 

was meaningful only in Subject 2. Upon visual examination, the shape and timing of the 

EMG traces were similar in all subjects. For Subjects 1 and 2, measured and predicted 

EMG traces were near perfectly matched. Correlation plots of these EMG traces for 

Subjects I and 2 were best matched with Revalues .85 and .97, respectively, and slopes 

were near 1.0 in both subjects. For the remaining four subjects. Revalues were > .8, but 

the slopes were greater than 1.7 in all but Subject 5. This reflected a meaningfiil 

difference in peak EMG amplimde in these three subjects. 

Figure 4.12 shows a comparison of measured and predicted EMG traces for the 

TrExtMed site and figure 4.13 shows the correlation plots for these subjects and the 

resulting regression equations and R^ values. For Subjects 2 and 6, the measured EMG 

trace was shifted down (43 % Peak) and up (19 % Peak), respectively. The initial tonic 

EMG level difference was meaningful in both subjects. Upon visual examination, the 

shape and timing of the two EMG traces were closely matched in three subjects (S2, S3, 

S5). The correlation plots for these three subjects, showed high Revalues of .88, .94, 

and .89, respectively, but a slope greater than 1.7 reflected the meaningful difference in 

peak EMG amplitudes in Subject 3. Subject 6 showed both a timing and EMG amplitude 

differences as reflected in the low Revalue of .52. 

Summary - Experiment 1 

Qualitatively, both EMG patterns, specific to each individual task, were evident in 

almost all EMG traces for the combined task. In other words, the EMG patterns of the 

two separate tasks were superimposed in the combined task: expiration-related bursts and 

holding-related agonist/antagonist activity occurred where expected in the measured EMG 

trace. 



98 

Quantitatively, three muscle sites consistently showed a close match between 

predicted and measured EMG traces, with Revalues > .8 (14/15 comparisons). This 

result illustrated a tight moment-to-moment matching of EMG shape and timing for these 

three muscle sites. Despite the high Revalues in these three muscles, eight of these tightly 

matched comparisons showed differences in initial tonic EMG levels (3/15 comparisons) 

or peak EMG amplitudes (5/15 con^arisons) of the EMG. These findings show that a 

linear addition, occurred in just less than half of these highly correlated EMG traces (6/15 

comparisons). This suggests that EMG patterns across muscles may superimpose and be 

highly correlated, but that individual muscles may be influenced independently, as 

evidenced by the differences in tonic or peak EMG amplitudes. 

For one holding muscle site, TrFlexUpp, aU subjects showed R^ values < .8, and in 

a two subjects, the combined pattern speared to be unrelated to either individual task. 

Initial tonic EMG levels also were different in 5/6 of these comparisons. This muscle's 

task participation thus differed substantially &om the others. 

Together the findings from this experiment demonstrate that when subjects 

simultaneously held with the trunk flexors and performed pulsed expirations, the EMG 

patterns typically superimposed in all four muscle sites, thereby suggesting that these 

fiexor and extensor muscles were activated together as a unit Individual muscle sites, 

however, showed different and poorly matched patterns (low Revalues) and, even in 

muscle sites that were tighdy matched (high Revalues), a linear addition was influenced 

by changes in EMG amplitude. This suggests that individual muscles could participate 

differentially within a unit. That is, some muscles could maintain their same level of 

activation, resulting in a linear addition of patterns for the combined task. In contrast, 

other muscles often displayed superimposed EMG patterns, but did not maintain the same 

level of EMG activity, with the result that a non-linear addition occurred in the combined 

task. 
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activity. The second phasic decrease in activity was followed by a phasic increase in 

activity that returned to near baseline activity levels. Regardless of these different activity 

patterns in TrExtMed, the two pressure pulses looked similar and met criteria across 

subjects, with the exception of the second pulse for Subject 6. 

The occurrence of negative values in these and other EMG traces in Experiment 2 

reflects the large amount of tonic activity of this muscle group that subjects retained when 

"supported in flexion." Because subjects were unable to completely relax their back 

muscles in this position, there were usually large amounts of "quiet" level activity 

subtracted from all averaged EMG traces. Especially in the case for the TrExtMed, and 

occasionally for TrExtLat, subjects decreased activity during different tasks below "quiet" 

levels established in the "supported in flexion" condition. The resulting negative EMG 

value reflects a reduction in tonic activity. 

Isometric Tnmk Extensor Task 

Figure 4.14B contains data from the isometric trunk extensor task. Once in the 

target position, all subjects showed an increase in trunk extensor activity in at least one of 

the trunk extensor sites (TrExtLat & TrExtMed) that was above baseline levels. In figure 

4.14B, the TrExtMed site showed activity above baseline for the duration of the holding 

period. The TrExtLat site showed only a minimal increase in activity above baseline 

levels during the first 500 msec and then decreased to zero and below zero towards the 

end of the holding period. The pattern of holding-related EMG activity in the trunk 

extensor sites was more variable during the duration of the holding period as compared to 

the holding-related EMG activity in the trunk flexor sites in the previous experiment. The 

levels of activity appear to be minimal in the holding muscle sites (TrExtLat & 

TrExtMed), but as discussed above, this reflects the large amounts of "quiet" level activity 

subtracted from all averaged EMG traces. The level of tonic activity for each subject was 
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both pressure pulses and this was reflected in a high value (.99) and in a linear 

correlation plot Two subjects (S4, S6) showed the type of subtle timing shift illustrated 

in figure 4.16A, all other subjects showed similar timing for both pressure pulses (figure 

4.16B). 

Measured EMG Trace Compared to Predicted EMG Trace 

Holding Sites fTrExtLat & TrExtMed  ̂

Figure 4.17 shows a comparison for the TrExtLat site and figure 4.18 shows the 

correlation plots for these subjects and the resulting regression equations and Revalues. 

None of the EMG traces required shifting at this site. Upon visual examination, the 

general shape and timing of ±e measured EMG trace resembled the shape and timing of 

the predicted EMG trace in three subjects (S1, S3, S5). Subjects 3 and 5 showed 

measured EMG traces that were near perfectly matched to the predicted EMG traces. The 

Revalues for both of these subjects were .95 and slopes were near 1.0. For Subject I, 

the R^ value was low (.70) despite the general similarity in shape. For the remaining 

subjects (S2,84, S6), larger differences were visually apparent between the measured 

and predicted EMG traces. Subjects 2 and 6 show similar shapes, but the timing was 

shifted in one or both peaks. This was reflected in Revalues < .8 and in circular 

correlation plots. In Subject 4, the measured EMG trace does not appear at all similar to 

the predicted EMG trace and this was reflected in the shape of the correlation plot. Two 

expiration-related bursts were evident in the measured EMG trace in aU subjects except 

Subject 4. 

Figure 4.19 shows a comparison for the TrExtMed site and figure 4.20 shows the 

correlation plots for these subjects and the resulting regression equations and Revalues. 

For three subjects, initial tonic EMG levels did not match in the measured and predicted 

EMG traces and measured EMG traces were shifted (up in two subjects and down in one 
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subject) by 16 to 24 % Peak. Initial tonic EMG level differences were meaningfiil in all 

three subjects. Upon visual examination, the shape of the measured EMG trace 

resembled the shape of the predicted EMG trace in all five subjects, but timing and EMG 

amplitude differences occurred for one or both peaks. These differences resulted in 

values that were < .8 for all subjects. Hence, although a similar unusual pattem was seen 

in the individual and combined tasks, a linear addition was not found in the combined 

task. 

Non-holding Sites (TrFlexUpp & TrHexLow) 

Figure 4.21 shows a comparison for the TrFlexUpp site and figure 4.22 shows the 

correlation plots for these subjects and the resulting regression equations and Revalues. 

None of the EMG traces required shifting at this site. Upon visual examination, the 

general shape and riming of the measured EMG trace resembled the shape and timing of 

the predicted EMG trace in four subjects (Si, S2, S3, S5). Of these subjects. Subject 5 

showed near perfectiy matched EMG traces. In Subjects 4 and 6, the general shapes are 

similar, but the measured EMG traces showed timing shifts in one or both peaks and this 

was reflected in the circular pattem in the correlation plots and low correlations (R^ < .8). 

Revalues were > .8 in the other four subjects. Subject 3 was the only subject that 

showed a meaningfiil difference between peak EMG amplitudes as reflected in the slope 

of 1.88. 

Figure 4.23 shows a comparison for the TrFlexLow site and figure 4.24 shows the 

correlation plots for these subjects and the resulting regression equations and R^ values. 

The measured EMG trace was shifted down by 7% Peak in Subject 2 but no meaningfiil 

differences in tonic level occurred for all subjects. Upon visual examination, ±e general 

shape and timing of the measured EMG trace closely matched the shape and riming of the 

predicted EMG trace in two subjects (S3, S5). Subject 4 showed a timing shift of both 

peaks while Subjects 2 and 6 showed riming shifts of the second peak. Revalues were > 
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.8 in all subjects except one (S4). Slopes were very close to 1 reflecting minimal peak 

EMG amplitude changes in the measured EMG traces as compared to the predicted EMG 

traces. Subject 4 showed a low Revalue of .59 and circular patterns in the correlation 

plot reflecting the timing shift of both peaks in the measured EMG trace. 

Summary - Experiment 2 

For this experiment, inter-subject differences were apparent so the findings were 

divided into two groups of subjects. In the first group (four subjects), both EMG 

patterns, specific to each individual task, were evident in all comparisons. In other 

words, the EMG patterns superimposed and expiration-related bursts and holding-related 

agonist/antagonist activity occurred where expected in the measured EMG trace. 

Quantitatively, the majority of muscles consistendy showed superimposition and 

values > .8 with almost no changes in initial tonic EMG levels or peak EMG amplitudes 

(8/10 comparisons). This reflected a tight moment-to-moment matching of EMG shape, 

timing, and amplitude across a group of muscles. For one holding muscle, TrExtMed, 

the EMG traces were superimposed, but the Revalues were consistendy low (< .8) across 

all subjects. These findings demonstrated that when subjects simultaneously held with 

trunk extensors and perform pulsed expirations, the EMG patterns superimposed in all 

four muscles suggesting that they were activated as a unit. 

In the second group (two subjects), both individual-task, EMG patterns were 

always superimposed, but the riming of the second expiration-related burst was delayed in 

all muscles. These subjects had more difficulty performing the combined task, as 

evidenced by riming changes in the second pressure pulse and by the subjects' reports. 

Indeed, the delay in the second pressure pulse corresponded to the delay in the second 

expiration-related burst. As a result, the combined EMG trace did not match the predicted 

EMG trace, and for these subjects, Revalues were <.8 in 7/8 comparisons. Interestingly, 
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this suggested that the timing of EMG patterns was tightly coupled to the mechanical 

requirements of the expiration task, and when the performance of the task changed, the 

EMG pattern changed across all muscles. Although this meant that the measured EMG 

trace did not match the predicted EMG trace, it was evidence that the combined task could 

be performed as an addition of two separate EMG patterns. 
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Overall Summary - Isometric Experiments 

In both isometric experiments, the EMG patterns, specific to each task, were 

evident in ail comparisons. In other words, both EMG patterns superimposed and 

expiration-related bursts and holding-related tonic activity occurred where expected in 

the measured EMG trace. Quantitative analysis revealed that in those subjects who 

performed the expiration task consistently, a linear addition occurred in half of the 

measured EMG traces (56%). Although such superimposition was seen across muscles, 

a linear addition typically occurred in 2-3 muscles. These findings suggest the more 

general conclusion that when subjects are required to perform voluntary expiration and 

trunk holding tasks simultaneously, they do so by combining two separate muscle 

activity patterns and in some muscles they combine in a linear fashion. 

For each experiment, a non-linear addition occurred consistently in one muscle. 

This muscle was always a holding muscle that had shown poor moment-to-moment 

correlation (low values). This suggested that certain muscles within a co-activated 

group could contribute differently in certain tasks and be less "shared" than their other 

co-active "partners." Non-linear additions also occurred across muscles with strong 

moment-to-moment EMG correlations (high Revalues), but this was directionally 

specific. Namely, when trunk flexors held the trunk against gravity, initial tonic EMG 

levels and relative peak EMG amplitudes were often different In the opposite 

direction, EMG amplitude differences were not observed, but when trunk extensors held 



108 

the trunk against gravity (Experiment 2), two subjects had more dif5culty performing 

the expiration task, and the timing of pressure pulses and expiration-related EMG were 

changed. Nonetheless, this was further evidence that the muscles' activition patterns 

during the combined task could reflect the addition of two task-specific patterns. 
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Figure 4.1. EMG traces representative of each of the three tasks: (A) the individual 
expiration task, (B) the individual isometric trunk flexor task, and (C) the combined 
task. The top trace in tasks A and C are pressure traces, pressure onset is identified 
across traces by the solid vertical line. The next four traces (and all traces in task B) are 
averaged EMG traces from the two trunk flexors and two trunk extensors. Units are 
relative to the largest amplitude recorded across all tasks in either isometric experiment. 
The dotted line in B represents zero baseline. The figure at the right illustrates the task 
conditions: supported sitting, unsupported sitting, and expiration. Amplitude scales 
are the same for tasks A and C. Data are from subject 3. 
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Figure 4.1. EMG traces representative of each of the three different tasks. 
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Figure A J.. Comparison of measured vs. predicted traces from the TrFlexLow 
recording site across all subjects. The thin line represents the measured trace and 
the thick line represents the predicted trace. Ail traces are aligned by pressure onset 
identified across traces by the solid vertical line. All traces are smoothed, averaged 
EMG. The shape and timing of the measured trace resembled the shape and timing 
of the predicted trace in all subjects. Two expiration bursts were evident above tonic 
levels, but peak amplitudes were often decreased. In two subjects, the initial tonic 
levels in the measured trace was smaller than the predicted levels (marked by arrows). 
This was most obvious in subject 5. Units are relative to the largest amplitude recorded 
across all tasks in either isometric experiment. 

Measured Trace 
Predicted Trace 

Pressure Onset 

T r 
600 800 
Time (msec) 

1000 1200 1400 



112 

Figure 43. Mean tonic level difference between measured and predicted traces and 
their standard deviation for the TrFlexLow recording site across all subjects. Initial 
tonic levels appear obviously different for Subject 5. In contrast, for all other subjects 
tonic levels stayed within the range of standard deviations. 
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Figure 4.3. 
Mean Tonic Level Differences Between Measured & Predicted Traces 
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Figure 4.4. Comparison of measured (shifted) vs. predicted traces from the 
TrFlexLow recording site across all subjects. All traces are aligned by pressure 
onset by the solid vertical line. All traces are smoothed, averaged EMG. Two out 
of the six traces were shifted up the Y-axis. After shifting, the shape and timing of 
the measured trace near perfectly matched the shape and timing of the predicted 
trace in all subjects, except S4, who showed smaller peaks in the measured trace 
than in the predicted trace. The location of the arrow depicts the point in each 
trace used to match the initial tonic levels. The direction of the arrow points in 
the direction that the measured trace was shifted. (+ denotes meaningfiil 
difference in tonic level; |dl denotes meaningful difference in peak amplitude; 
* denotes R > .8). Units are relative to the largest amplitude recorded across 
all tasks in either isometric experiment. 
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Figure 4.6. Mean peak amplitude differences between measured and predicted traces 
and their standard deviation for the TrFlexLow recording site across all subjects. Peak 
amplitudes appear obviously different for Subject 4. In contrast, for all other subjects 
peak amplitudes stayed within the range of standard deviations. 
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Figure 4.8. Comparison of measured vs. predicted traces for the TrFIexUpp recording 
site across all subjects. The format is the same as in figure 4.4. In 5/6 subjects, 
measured traces were shifted up in four subjects and down in one subject The initial 
tonic levels were meaningfully different in each of these subjects. The shape of the two 
traces are similar in three subjects (3,4,5, & 6), however, timing and amplitude changes 
occurred in all measured traces. The other two subjects (SI & S2), showed two different 
patterns for the TrFlexUpp muscle. In Subject 1, the activity in the TrFlexUpp muscle 
gradually increased throughout the task and the largest peak occurred later in the task, 
after the expiration-related bursts were completed in the predicted trace. In subject 2, 
the measured EMG pattern showed 2 phasic increases, with decreased EMG between 
them. The double arrows in S2 depict locations of possibly two phasic increases in the 
measured trace. values were < .8 in all subjects. 
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Format 4.8. Comparison of measured vs. predicted traces for the TrFlexUpp 
recording site across all subjects. 
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Figure 4.10. Comparison of measured vs. predicted traces for the TrExtLat 
recording site across all subjects. The format is the same as in Figure 4.4. Two 
out of six traces were shifted and this was meaningful only for subject 2. The 
shape and timing of the measured trace closely matched the shape and timing 
of the predicted trace in ail subjects. For Subject 1 & 2, traces were near 
perfectly matched. For three subjects (S3, S4, S6), peak amplitudes were 
meaningfully different 
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Figure 4.12. Comparisoa of measured vs. predicted traces for the TrExtMed 
recording site across all subjects. The fomiiat is the same as in Figure 4.4. In 
two subjects, measured traces were shifted and this was meaningful in both 
subjects. The shape and timing of the two traces are closely matched in 3/4 
subjects. Subject 3 showed decreased peak amplitudes in the measured trace. 
Subject 6 showed both timing and amplitude differences. 
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Figure 4.14. EMG traces representative of each of the three tasks: (A) the individual 
expiration task, (B) the individual isometric trunk extensor task, and (C) the combined 
task. Same format as in figure 4.4. All traces were smoothed similarly but the trunk 
extensors appear less smoothed because of the occurrence of intermittent bursts and 
increased variability and in the raw data. The low levels of activity at these holding sites 
(TrExtLat & TrExtMed), reflects the large amounts of "quiet" level activity subtract 
from all averaged traces. Data are from subject 2. 



Figure 4.14. EMG traces representative of each of the three tasks. 
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Figure 4.15. Variability of TrExtMed burst patterns across subjects. TrExtMed activity patterns are shovm during 
the expiration task from four subjects corresponding to pressure onset (solid vertical line). S2 shows TrExtMed 
activity that is very similar in shape and timing to Subject 3 in Figure 4.15A. In contrast, S4 shows relatively flat 
TrExtMed activity with minimal activity above baseline, S5 and S6 both show phasic decrease in activity occurring 
prior to the pressure onset. Both phasic decreases in activity in S5 are well below tonic initial activity levels and the 
phasic increases do not exceed this tonic level. In S6, at least one of the phasic increases reach above baseline. 
Amplitude scales are the same for each subject. The dotted line denotes zero baseline. 
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Figure 4.17. Comparison of measiired vs. predicted traces for the TrExtLat recording 
site across all subjects. Format is the same as in figure 4.4. None of the traces required 
shifting at this site. The general shape and timing of the measured trace resembled the 
shape and timing of the predicted trace in three subjects (SI, S3, S5). Subjects 3 and 5 
showed measured traces that were near perfectly matched to the predicted traces. 
Subjects 2 and 6 showed similar shape traces, but the timing of one or both peaks was 
shifted. In subject 4, the measured trace does not appear similar to the predicted trace 
and no expiration-related bursts are apparent 
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Figure 4.17. Comparison of measured vs. predicted traces from the TrExtLat 
recording site across all subjects. 
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Figure 4.19 Comparison of measured vs. predicted traces &om the TrExtMed 
recording site across all subjects. Format is the same as in figure 4.4. Measured 
traces were shifted in three subjects. The shape of the measured trace resembled 
the shape of the predicted trace in all subjects, but timing and amplitude 
differences occurred. Subjects 3 and 5 showed phasic decreases in activity 
coincident with the pressure pulses. Subjects 2 and 6 showed delayed timing. 
No expiration-related bursts were apparent in either trace in subject 4, but the 
shape of the measured trace matched the shape of the predicted trace. 
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Figure 4^1 Comparison of measured vs. predicted traces from the TrFlexUpp 
recording site across all subjects. None of the traces required shifting at this site. 
The general shape and timing of the measured trace resembled the shape and timing 
of the predicted trace in four subjects (SI, S2, S3, S5). Of these subjects. Subject 5 
showed near perfectly matched traces. In Subjects 4 and 6, the general shapes are 
similar, but the measures traces showed marked timing shifts in one or both peaks. 
Peak amplitudes were meaningfully different in Subject 3. 
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Figure 4^3 Comparison of measured vs. predicted traces from the TrFIexLow 
recording site across all subjects. Format is the same as in figure 4.4. The 
measured trace was shifted down in one subject (S2). The general shape and 
timing of the measured trace closely matched the shape and timing of the 
predicted trace in two subjects (S3, S5). Subject 4 showed a timing shift of 
both peaks while Subjects 2 and 6 showed timing shifts of the second peak. 
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5. RESULTS: UNI-DIRECTIONAL EXPERIMENTS 

General Introduction 

Results involving uni-directional trunk flexor or extensor tasks (Experiments 3 & 

4, respectively) are presented in this chapter. The results of each experiment are 

preceded by a description of the procedures specific to each of the tasks involved in that 

experiment 

Subjects easily performed the uni-directional trunk tasks and the expiration tasks 

in either experiment with minimal practice, but all subjects reported that the combined 

tasks were difScult to perform. Additionally, all subjects reported that the most 

difficult combined task was expiration while moving the trunk backward (Experiment 4). 

Nonetheless, five subjects performed at least eight acceptable trials (see criteria under 

METHODS). One subject performed only six acceptable trials during the combined 

task in Experiment 3. The number of total trials, (acceptable and unacceptable) for each 

task ranged from 11 to 40. 

EMG was recorded from four sites (TrFlexUpp, TrFlexLow, TrExtLat, 

TrExtMed) in all subjects except Subject 1, in whom EMG was recorded only from the 

TrFlexUpp and TrExtLat sites. In Subject 4 during Experiment 4, a movement artifact 

appeared in the TrExtMed site, so it was not included in the analysis. 
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Experiment 3 - Specific Task Procedures 

o-nn. 

Individual Expiration Task 

The tai^et position for the expiration task was sitting upright unsiqjported in the 

start position. This is the same alignment of the spine as subjects assimied at the start 

of the uni-directional trunk flexor task. Upon instruction to "go", subjects performed 

two consecutive expiratory efforts at a rate of 2/sec while maintaining this position. 

Data collected from 500 msec before pressure onset up to 1500 msec after pressure 

onset were used for the analysis. 

Individual Uni-directional Trunk Flexor Task 

The target movement for the uni-directional trunk flexor task was to move the 

trunk forward until the chest lightly contacted a foam wedge, a trunk angle of 

approximately +30° flexion from vertical. Data collected from 500 msec before trunk 

movement onset up to 1500 msec after trunk movement onset were used for the 

analysis 

Combined Task 

The target movement for the combined task was the same as in the uni-directional 

trunk flexor task. After the "go" signal, the subject performed the expiration task while 

moving the trunk forward to contact a foam wedge. To assure that the subject started 



141 

the uni-directional trunk task and the expiration task simultaneously and completed 

them both within 1 sec, the timing of the expiration was monitored on-line on the chart 

recorder and oscilloscope and was monitored visually by the investigator. If the timing 

criteria were not met, subjects were given a chance to practice as needed. Data collected 

from 500 msec before pressure onset up to 1500 msec after pressure onset were used 

for the analysis. 

Expiration Task 

Figure 5.1 shows representative EMG traces of the three tasks taken from one 

subject. Figure 5.IA contains data from the expiration task. The pattern of expiration-

related EMG activity showed two distinct coactive bursts in ail recording sites 

coincident with the pressure pulses. EMG was minimal prior to and after each burst. 

The onset of bursts occurred -100 msec in advance of the onset of pressure pulses. The 

peak activity levels for bursts occurred ~100 msec after each pressure pulse onset. 

For the TrExtMed site, the two expiration-related bursts were often difficult to 

distinguish in some subjects because they occurred on top of variable tonic levels of 

EMG activity. As illustrated for three subjects in figure 5.2, the EMG bursts did not 

always begin and end with minimal activity levels or return to near zero between bursts. 

For example, in Subjects 5 and 6, the bursts began and ended with activi^ that was 

Results 
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above zero levels. This activity decreased to near zero level between the two bursts. In 

Subject 4, the bursts began and ended with activity levels that were below zero levels. 

This activity did not drop back down to resting levels between the two bursts. 

Uni-directional Trunk Flexor Task 

Figure 5.IB contains data &om the uni-directional trunk flexor task. An agonist 

burst occurred in both trunk flexor (abdominal) sites to initiate the trunk movement for 

this subject and for all subjects. The onset of ^onist bursts occurred -150 msec in 

advance of trunk movement onset. The peak activity levels for bursts occurred 

simultaneously with trunk movement onset and returned to minimal activity levels. The 

subject in figure 5. IB showed initial activity in both trunk flexors (most evident in the 

TrFlexUpp), 

An additional agonist burst was observed in three subjects. An example of the 

two-burst agonist pattern is shown for the trunk flexors in figure 5.3. The second burst 

reached peak activity level prior to peak trunk displacement (denoted by the small 

arrow on the tnmk displacement trace). The amplitude of the first and second bursts 

varied. The type of agonist pattern (one- vs. two-burst) is sununarized in Table 5.1 for 

each subject 

The initial agonist burst was followed by a burst in trunk extensor (back) sites to 

brake the movement as subjects approached the target trunk angle (figure 5. IB). The 

onset of antagonist bursts was more gradual than the agonist burst beginning after trunk 

k 
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movement onset with peak activity levels reached prior to peak trunk displacement. All 

subjects showed an antagonist burst in the TrExtMed muscle, and all but one subject 

(S3) showed an antagonist burst in the TrExtLat muscle. Interestingly, the antagonist 

burst occurred in subjects who had both the one-, or two-burst agonist pattern in the 

trunk flexors. The onset of the antagonist bursts occurred before the onset of the second 

agonist bursts (see figure 5.3 for an example). After peak trunk displacement, trunk 

muscle activity in the trunk extensors and flexors varied depending upon how long the 

subject held the target trunk angle position. 

Combined Task 

Although subjects were able to meet the criteria for the combined task, subtle 

variations in trunk velocity and coordination of expiration and trunk movement were 

observed. The peak velocity differences between the uni-directional trunk task and 

combined task for all subjects are sunmiarized in Table 5.1. Three subjects showed 

decreased peak velocity in the combined task as compared to the individual expiration 

task, whereas two other subjects showed increased peak velocity and one subject 

showed no difference. 

All subjects moved the trunk first, before beginning the first pressure pulse. The 

subject in figure 5. IC showed the onset of trunk movement occurring 98 msec prior to 

the onset of the first pressure pulse. This difference between movement onset and 

pressure onset ranged fix)m 12 to 263 msec across subjects. This is also shown for each 
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subject in Table 5.1. There were no consistent relationships between peak velocity 

differences and coordination differences with any of the EMG patterns. 

Measured EMG Trace Compared to Predicted EMG Trace 

The shape of the predicted EMG trace depended on if the recording site detected 

agonist or antagonist activity. If the muscle was an agonist, the expiration-related bursts 

would be affected differently than if the muscle was an antagonist An explanation, 

therefore, of these differences in the predicted EMG trace for the agonists (trunk 

flexors) vs. antagonists (trunk extensors) will precede the presentation of each of those 

results, respectively. For all predicted EMG traces, the averaged EMG traces from the 

uni-directional trunk flexor and expiration tasks were added point-by-point. The 

averaged difference between movement onset and pressure onset during the combined 

task was calculated and used to align these two EMG traces, (see Construction of the 

Predicted EMG Trace in METHODS). 

Agonists 

Prediction. Figure 5.4 shows how the predicted EMG trace represented the 

combination of agonist bursts(s) and expiration bursts for both trunk flexor sites. In 

figure 5.4A, the subject showed a one-burst agonist pattern, and the agonist and 

expiration bursts were both of large enough amplitude to be represented in the predicted 

EMG trace. The agonist activity to initiate the forward trunk movement primarily 
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affected the width of the first expiration-related burst with little affect on peak 

amplitude. Because this subject showed a one-burst agonist pattern, the second 

expiration-related burst showed only a small increase in amplitude, but did not change in 

shape. 

In figure 5.4B, the predicted EMG trace for the TrFlexLow site also represented 

both agonist and expiration-related bursts. In this case, the subject showed a two-burst 

agonist pattern. The agonist bursts, therefore, broadened and increased the peak 

amplitude in both expiration-related bursts because they were superimposed upon, or 

occurred immediately prior to, both expiration-related bursts. In contrast, the agonist 

bursts in the TrFlexUpp site were small as compared to the expiration-related bursts 

and, therefore, were not discernible in the predicted EMG trace. The predicted EMG 

trace for the TrFlexUpp site, therefore, was most representative of the expiration-

related bursts. 

Agonist (TrFlexUpp) - both tasks represented. Figure 5.5 shows a comparison 

of measvired and predicted EMG traces for the TrFlexUpp site in subjects with 

predicted EMG traces that represented both individual muscle activity patterns. Upon 

visual examination, all measured EMG traces showed two bursts. The shape and timing 

of the measured EMG trace closely matched the shape and timing of the predicted EMG 

trace in two subjects (SI, S6). Correlation plots for these two subjects showed high 

values of .93 and .83, respectively (figure 5.6). Subject 5 also showed a high value 
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(.80) despite decreased peak amplitudes and timing differences and this was reflected in 

the looping pattern in the correlation plot Indeed, for three subjects (SI, S5, & S6), 

values are > .8 and loops indicate subtle difTerences, greatest in Subject 5 (compare 

figure 5.5 & 5.6). Each of these subjects used different agonist patterns during the trunk 

task, a two-burst vs. one-burst, which suggests that the agonist burst pattern had no 

affect on the combination of activity patterns. 

Three subjects showed decreased activity in the measured EMG trace before the 

first expiration-related burst, at the time of the initial agonist burst in the predicted 

EMG trace (figure 5.4; S2, S5, S6). This was most obvious in Subject 2 who also 

showed a decrease in initial tonic levels and appeared to be missing the agonist burst. 

This large decrease in peak amplitude and initial level in the measured EMG trace 

resulted in a poor correlation between the predicted and measured EMG traces (R^.24). 

Because Subject 2 showed a one-burst agonist pattem during the trunk task, which 

appeared to be missing in the combined task, the remaining bursts in the measured EMG 

trace should be strictly expiration-related. To test this, the measured EMG trace was 

correlated to the expiration EMG trace as shown in figure 5.7, The correlation revealed 

a high value of .92 with a slope near 1.00. This suggests that this one subject 

changed the relative contribution of activity during the combined task by eliminating the 

agonist activity and preserving the expiration-related activity. 
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Subject 5 in figure 5.5 also showed a reduced initial agonist burst in the measured 

EMG trace but there were also changes in shape and timing in the second burst The 

second burst started earlier and was more broad with a decreased amplitude. Because 

this subject showed a two-burst agonist pattern during the trunk task, the EMG changes 

seen in the second burst could be related to changes in agonist and/or expiration-related 

activity. To test if the measured EMG trace still reflected both activity patterns or 

primarily expiration-related activity, the measured EMG trace was correlated to both 

the predicted EMG trace and expiration EMG trace. As shown in correlation plots in 

figures 5.6 and 5.7, the value for this subject was higher for the comparison to the 

predicted EMG trace than for the comparison to the expiration EMG trace, .8 vs. .63, 

respectively. This suggests that despite the missing first agonist, the second Zionist 

was still contributing to the combined task making the measured EMG trace more 

similar to the predicted EMG trace than the expiration EMG trace. 

Agonist (TrFlexLow) - both tasks represented. Figure 5.8 shows the 

comparison of measured and predicted EMG traces for the TrFlexLow site in subjects 

with predicted EMG traces that represented both tasks. Figure 5.9 sho\^ the 

correlation plots for these subjects and the resulting regression equations and values. 

Upon visual examination, all measured EMG traces showed two bursts. The shape and 

timing of the measured EMG trace resembled the shape and timing of the predicted 

EMG trace in two subjects (S2, S4). This was supported by high R^ values (.8 & .83), 
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respectively. In Subjects 2 and 5, however, both measured EMG traces are missing the 

initial agonist burst In Subject 5, timing of the measured EMG trace also changed as 

reflected in the looping patterns in the correlation plots and in the value of .78. 

In subject 2, the TrFlexLow showed a one-agonist burst during the trunk task and 

then eliminated that agonist burst during the combined task, similar to the TrFlexUpp in 

this same subject. The measured EMG trace was, therefore, correlated to the expiration 

EMG trace to test if the remaining bursts were strictly expiration-related. As shown in 

the correlation plot in figure 5.7 the value was high (.92). This suggests that this 

subject changed the relative contribution of activity during the combined task by 

eliminating the agonist activity. A similar comparison was done for Subject 5 because 

the initial agonist burst was also missing in the measured EMG trace. The value in 

this case was low (.61) (figure 5.7). This suggests that this subject did not simply 

change the relative contribution of activity during the combined task but produced 

something different firom the predicted EMG trace and not related to the expiration-

related only trace. 

Agonists (TrFlexUpp & TrFlexLow) - mostly expiration task. Figure 5.10 

shows a comparison of the measured and predicted EMG traces for the trunk flexor 

sites where the agonist bursts were small and, therefore, were not discernible in the 

predicted EMG trace. Figure 5.11 shows the correlation plots for these subjects and the 

resulting regression equations and R^ values. Upon visual examination, the sh^)e and 
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timing of the two EMG traces are closely matched in three subjects, both subjects at the 

TrFlexUpp site and Subject 3 at the TrFlexLow site. These subjects showed high 

values > .8. Subject 6 showed a timing shift of the first burst even though the shapes 

were similar and this was reflected in the circular pattern in the correlation plot and a 

low value of .67. This suggests that these subjects continued to show minimal 

agonist activity during the combined task despite changes in peak amplitudes and timing 

in the expiration-related activity. 

Antagonists 

Prediction. Figure 5.12 shows how the predicted EMG trace represented the 

combination of antagonist burst and expiration bursts for both trunk extensor sites. 

Because the antagonist activity was gradual, the activity of the antagonist added more to 

the second burst than to the first burst. In addition, because it was a long duration 

burst, the valley between the two expiration-related bursts was often reduced. 

Sometimes, the amplitude of the expiration-related activity was small as compared to 

the antagonist activity as shown for the TrExtMed (86) in figure 5.12B. The predicted 

EMG trace, therefore, was one long burst, reflecting primarily the antagonist activity 

and no expiration peaks were visible in the predicted EMG trace. 

Antagonists (TrExtLat & TrEIxtMed) - both tasks represented. Figure 5.13 

shows a comparison of predicted and measured EMG traces for the TrExtLat and 

TrExtMed sites in subjects with predicted EMG traces that represented both tasks 
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(defined antagonist + expiration-related bursts). Figure 5.14 shows the correlation plots 

for these subjects and the resulting regression equations and values. Upon visual 

examination, all measured EMG traces at both sites showed two bursts occurring on top 

of an increasing level of activity. For the TrExtLat, the shape and timing of the 

predicted EMG trace closely matched the shape and timing of the measured EMG trace 

in three subjects (S2, S4, S6). For these subjects, the two EMG traces were best 

matched with values of .87 to .9. In the other two subjects, shapes are similar but 

differences occurred, and R^ values were < .8. For the TrExtMed site, the shape and 

timing of the predicted EMG trace matched the shape and timing of the measured EMG 

trace in subject 2. Neither subject showed R^ values > .8. 

Antagonists (TrExtMed & TrExtLat) - one task represented. Figure 5.15 

shows a comparison of predicted and measured EMG traces recorded firom the 

TrExtMed site in three subjects where the expiration-related burst was small, and 

therefore, was not represented in the predicted EMG trace. Figure 5.16 shows the 

correlation plots for these subjects and the resulting regression equations and R^ values. 

The shape and timing of the measured EMG trace closely resembled the shape and 

timing of the predicted EMG trace all three subjects as reflected in high R^ values > or 

equal to .9. EMG traces were most similar in shape and timing in subject 6 as reflected 

in an R^ value of .92 and a slope of 1.03. This suggests that these subjects did not 
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change the relative contribution of activity at these recording sites, and continued to 

show mostly antagonist-related activity. 

For the TrExtLat, one subject showed almost no antagonist activity when 

performing the trunk task, resulting in a predicted trace that reflected mostly expiration-

related activity (figure 5.15B). As can be seen in tiie comparison of measured and 

predicted EMG traces, the shape and timing of the measured EMG trace was different 

than the predicted EMG trace and this was reflected in a low value of .44 and in a 

looping pattern in the correlation plot (not shown). This suggests that the subject did 

something different during the combined task at this site. It appears that antagonist 

activity was added during the combined task and the measured EMG trace looks like 

EMG traces in figure 5.13, in which trunk antagonist and expiration-related bursts were 

both present. 

Summary - Experiment 3 

Qualitatively, both EMG patterns were superimposed and expiration-related 

bursts and movement-related agonist/antagonist activity occurred where expected in the 

measured EMG trace. The relative EMG activation levels for the tasks varied. 

Quantitatively, the measured and predicted EMG traces were highly correlated in 15/22 

comparisons (R^ values > .8). For each subject, high values occurred in 2-4 muscles, 

and two subjects showed high values in all four muscles. No one muscle consistently 
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showed low values. These findings suggested that during a forward trunk movement 

and pulsed expiration task, the specific individual EMG patterns superimposed, and 

linear addition could occur in all muscles. Moreover, subtle features of the combined 

performance, such as changes in peak trunk velocity, changes in the onset of trunk 

movement £m^d pressure, and changes in the timing of the pressure pulse often varied 

without affecting the overall linear addition. 

The agonist muscles sometimes exhibited a change in their relative activation levels 

for a given task. For example, the initial agonist burst was sometimes missing or greatly 

reduced in the measured EMG trace. In only one case did this affect the shape of the 

measured EMG trace, and result in a poor value. In contrast, the expiration-related 

and antagonist bursts were never eliminated in the combined task. This finding 

suggested that an agonist burst in a muscle was not always necessary to perform the 

combined task. 

Linear addition did not always occur, and EMG patterns in the measured EMG 

traces were generally more variable in shape and timing than in the isometric 

experiments. Moment-to-moment EMG amplitude and timing differences were 

evidenced in the looping patterns of the correlation plots and 7/22 comparisons resulted 

in < .8. These differences were not consistent in any one muscle and they were 

unrelated to any known features of task performance ( e.g., agonist burst pattern, 

difference in peak velocity, difference in onsets or pressure). 
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Experiment 4 - Specific Task Procedures 

Individual Expiratioa Task 

The individual expiration task in this experiment was the same as the individual 

expiration task in Experiment 2 and, therefore, was not repeated. Data collected during 

the expiration task in Experiment 2 was used to calculated the predicted EMG traces for 

this experiment. 

Individual Uni-directional Trunk Extensor Task 

The target movement for the uni-directional trunk extensor task was to lean 

backward until the back lightly contacted a foam wedge, a trunk angle of approximately -

20° extension from vertical. Data collected from 500 msec before trunk movement onset 

up to 1500 msec after trunk movement onset were used for the analysis 

Combined Task 

The target movement for the combined task was the same as in the uni-directional 

trunk extensor task. After the "go" signal, the subject simultaneously performed the 

expiration task while moving the trunk backward to contact a foam wedge. Data 

collected from 500 msec before pressure onset up to 1500 msec after pressure onset 

were used for the analysis. 
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Results 

Uni-directional Trunk Extensor Task 

Figure 5.17 shows representative EMG traces of the uni-directional trunk extensor 

task and the combined task. The expiration task is not shown because it is the same as 

in figure 5.1 A. Figure 5.17A contains data from the uni-directional trunk extensor task. 

All subjects showed an initial agonist burst in the TrExtMed and three subjects showed 

an initial agonist burst in the TrExtLat to initiate the movement The onset of initial 

agonist bursts occurred -150 msec in advance of trunk movement onset The peak 

activity levels for initial agonist bursts occurred simultaneously with trunk movement 

onset and then retumed to minimal activity levels. 

Additional agonist bursts were sometimes observed in the trunk extensors. 

Examples of each of these agonist burst patterns are shown, and the bursts are 

numbered, in figures 5.17A and 5.18A. Figure 5.17A shows an example of both a one-

burst and two-burst agonist pattern. Figure 5.18A shows an example of a three-burst 

pattern in both agonists. The amplitude of the multiple agonists bursts varied. 

In two subjects, the initial agonist burst was followed by a marked decrease in 

activity. An example of this agonist pattern is shown in figure 5.18B. The decreased 

activity started immediately after movement onset and lasted until after trunk movement 

reached peak displacement This marked decrease was coincident with the onset and 

offset of trunk antagonist (flexor) activity. In figiu*e 18B, the decreased activity 
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occurred in both the TrExtLat and the TrExtMed, while in the other subject with this 

pattern (S3), the decreased activity occurred only in the TrExtMed (not shown). 

The initial agonist burst was followed by an antagonist burst in trunk flexor sites 

to brake the movement as subjects approached the target trunk angle (figures 5.17A & 

5.18A & 5.18B). The onset of antagonist bursts occurred ~ 100 to 200 msec after trunk 

movement onset and the peak activity levels were reached just prior to, or coincident 

with peak trunk displacement. All subjects showed an antagonist burst in both trunk 

flexors. After peak trunk displacement, trunk muscle activity in the trunk flexors and 

extensors varied depending upon how long the subject held the target trunk angle 

position. 

Combined Task 

All subjects were able to meet the criteria for the combined task, however, subtle 

variations in the timing of pressure pulses and in the coordination of expiration and 

trunk movement were observed. To illustrate the timing delay of the pressure pulses, 

pulses from measured and predicted EMG traces were correlated, point to point, as 

previously performed for muscle activity. Figure 5.19A and 519B show this 

comparison for the subjects with the worst (A) and best (B) timing. Both subjects 

adequately fulfilled the peak pressure (± 10 cm H2O) and timing criteria (±200 msec). 

Despite meeting criteria. Subject 5 showed a marked timing delay in the second pressure 

pulse and this was reflected in a low value (.44) and one very large circular loop in 
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the correlatioii plot Subject 6 maintained similar timing for both pressure pulses and 

this was reflected in a high value (.93) and in more linear and less circular loops in the 

correlation plot Three subjects (SI, S3, S5) showed this tjrpe of subtle timing delay 

similar to figure 5.19A, and values were all low (< .8). This was similar to the timing 

delay that occurred in the isometric tnmk extensor experiment in two subjects. 

All subjects but one, moved the trunk first, before beginning the first pressure 

pulse. The subject in figure 5.17B showed trunk movement onset occurring more than 

260 msec prior to the onset of the first pressure pulse. This coordination difference 

between movement onset and pressure onset for all subjects ranged from -19 to 260 

msec and is shown in Table 2 for each subject A negative value means that trunk 

movement onset started after pressure onset All subjects were able to perform the 

combined task reaching the target trunk angle while maintaining similar peak trunk 

velocity between the two tasks. The minimal differences in peak trunk velocity 

between the uni-directional trunk extensor task and combined task for all subjects are 

also summarized in Table 2. There were no consistent relationships between 

coordination differences with any of the EMG patterns. Pressure differences did affect 

the EMG and will be discussed in the following sections. 
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Measured EMG Trace Compared to Predicted EMG Trace 

Agonists 

Agonists (TrExtLat) - both tasks represented. Figure 5.20 shows a comparison 

of predicted and measured EMG traces for the TrExtLat site. Figure 5.20A shows the 

predicted EMG traces that represented both tasks. Upon visual examination of the 

EMG traces in figure 5.20A, two expiration-related bursts occurred in all subjects except 

Subject 4. The shape and timing of the measured EMG trace closely resembled the 

predicted EMG trace in two subjects (S2 & S6). Subject 2 did not show the initial 

agonist burst and showed meaningfid peak amplitude differences. Subject 1 showed a 

timing shift of both buTsts but EMG traces were similar in shape. In Subject 4, the 

EMG traces start out closely matched but end completely different As shown in the 

correlation plots in figure 5.21, values were low (<.8) in all subjects except in Subject 

2 (.95). 

Agonist (TrExtLat) - mostly expiration task. Figure 5.20B shows predicted 

EMG traces that reflected mostly the expiration task. Upon visual examination of the 

EMG traces in figure 5.20B, the shape of the measured and predicted EMG traces are 

similar but timing shifts occurred in both subjects (S3 & S5). values were low (<.8) 

in both subjects and the timing shifts were reflected in the correlation plots by the 

circular loops (figure 5.21). 
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Agonist (TrExtMed) - both tasks represented. Figure 5.22A shows predicted 

EMG traces that represented both tasks. Figure 5.23 shows the correlation plots for 

these subjects and the resulting regression equations and values. Upon visual 

examination of the measured EMG traces, two expiration-related bursts were present in 

two subjects (S2 & S3) even thoi^ the amplitude of both bursts was markedly reduced, 

meaningfiil only for Subject 2. Both subjects also showed decreased activity in the 

measured EMG trace prior to movement onset, at the time when an initial agonist burst 

was reflected in each of their predicted EMG traces. Only Subject 2 showed a high 

value (.82), but the slope was steep reflecting the meaningful decrease in peak 

amplitudes. Subject 6 continued to show similar amplitudes in the agonist burst at the 

time of movement onset but the EMG traces were different following pressure onset. 

The correlation plot for this subject was scattered reflecting the large differences 

between the EMG traces and the value was low (.37). 

Agonist (TrExtMed) - mostly trunk task. Figure 5.22B shows the comparison 

for the TrExtMed site in Subject 5 with a predicted EMG trace that represented mostly 

the trunk task. Upon visual examination, the shapes are different before movement 

onset and similar after movement onset Before movement onset, the measured EMG 

trace showed increased amplitude and initial tonic levels. The R^ value was low (.71). 
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Antagonists 

Antagonist (TrFlexUpp) - both tasks represented. Figure 5.24 shows the 

comparison for the TrFlexUpp site in six subjects with predicted EMG traces that 

represented both tasks. Figure 5.25 shows the correlation plots for these subjects and 

the resulting regression equations and values. Upon visual examination of the EMG 

traces, two expiration-related bursts were superimposed upon a slow increasing activity 

in all subjects. The shape and timing of the measured EMG traces are similar to the 

shape and timing of the predicted EMG traces in two subjects (S4 & S6). Subject 4 

showed a high value (.87), whereas all other subjects showed low R^ values < .8. 

Antagonist (TrFlexLow) - both tasks represented. Figure 5.26A shows the 

comparison for the TrFlexLow site in four subjects with predicted EMG traces that 

represented both antagonist and expiration-related activity. Figure 5.27 shows the 

correlation plots for these subjects and the resulting regression equations and R^ values. 

Upon visual examination of the EMG traces, two expiration-related bursts were present 

and superimposed upon an increasing activi^ in all subjects. This was similar to the 

other abdominal site, TrFlexUpp. The shape and timing of the measured EMG traces 

were similar to the shape and timing of the predicted EMG traces in three subjects (S2, 

S4, & S6). AH three of these subjects had high R^ values > .8. Peak amplitudes were 

not meaningfully decreased in these subjects. Subject 5 showed a large timing shift and 

had a R^ value < .8 
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Antagonist (TrFlexLow) - mostly expiration task. Figure 52.6B shows the 

comparison for the TrFlexLow site in the one subject with a predicted EMG trace that 

represented mostly expiration-related activity. Upon visual examination of the EMG 

traces, two expiration-related bursts were present in both the measured and predicted 

EMG traces, but the timing of the measured EMG trace was shifted. The value was 

<.8 and the correlation plot was characterized by large circular patterns. 

Summary - Experiment 4. 

For this experiment, inter-subject differences were again apparent, so, again the 

findings were divided into two groups of subjects. In the first group (three subjects), 

the findings were similar to those for Experiment 3. That is, qualitatively, both EMG 

patterns were superimposed and expiration-related bursts and movement-related 

^onist/antagonist activity occurred where expected in the measured EMG trace. 

Quantitative analysis verified that measured and predicted EMG traces were highly 

correlated in 6/11 comparisons (R^ values > .8). These findings suggested that during a 

combined backward trunk movement and pulsed expiration task, the individual task-

specific EMG patterns superimposed, and linear addition could occur in 1-3 muscles. 

Linear addition did not always occur, however. Moment-to-moment EMG 

amplitude and timing differences in the EMG were evidenced in the looping patterns of 

the correlation plots, and 5/11 comparisons resulted in < .8. These differences were 
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not consistent in any one muscle and they were unrelated to any known features of task 

performance ( e.g., agonist burst pattern, difference m peak velocity, difference in onsets 

or pressure). As in Experiment 3, the initial agonist burst was sometimes missing or 

reduced in the measured EMG trace, whereas the expiration-related bursts and 

antagonist bursts were never eliminated in the measured EMG trace for the combined 

task. 

In the second group of subjects, both individual EMG patterns were 

superimposed in the combined task, but the timing of the second expiration-related burst 

was delayed across all muscles. Each of these subjects showed a corresponding delay in 

the second pressure pulse, and consequently no muscles showed values > .8 (0/10 

comparisons). The findings were similar to those from the second isometric trunk 

extensor experiment. That is, because the measured EMG trace reflected the 

combination of a different expiration-related activity pattern as compared to the one in 

the predicted EMG trace, high values would not be expected and did not occur. The 

delayed EMG bursts, however, were consistent with the delayed pressure pulses. This 

suggested that the combined task did indeed represent the addition of two independent 

muscle activity patterns, but it was a different expiration-related pattern from that 

represented in the prediction. To determine if a linear addition actually occurred, the 

individual expiration task would need to be performed again, but with a pressure 

template that mimicked the EMG changes that occurred in the combined task. 
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Overall Summary - Unidirectional Experiments 

For the uni-directional trunk experiments, both individual task EMG patterns 

were superimposed, and expiration-related bursts and movement-related (agonist or 

antagonist) activity occurred where expected in the measured EMG trace. Quantitative 

analysis in those subjects who performed the expiration task consistently, validated 

these qualitative findings, revealing high correlations between the measured and 

predicted EMG trace (R^ values > .8) in over half of the comparisons. Unlike the 

isometric experiments, no one muscle showed higher or lower correlations than another 

across subjects. These findings showed that when subjects simultaneously performed a 

dynamic trunk movement and an expiration task, task-specific muscle activities 

superimposed, and linear addition could occur across any combination of the muscles. 

This suggested that the two temporally complex EMG patterns combined in a 

straightforward manner. 

There were some exceptions, however, and these were seen across both directions 

of movement. For example, the missing agonist burst and moment-to-moment 

amplitude and timing differences in the EMG traces did not consistently affect the 

overall shape similarities between the two EMG traces. This was reflected in the 

number of high values with missing agonist bursts or timing differences. These 

differences were also not consistently related to changes in task performance (e.g., the 

timing of the pressure pulses). This suggested that precisely controlled spatial and 
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temporal EMG activity patterns were not necessary for successful completion of the 

tasks. 

For half of the subjects in the uni-directional trunk extensor experiment (moving 

backward), the performance of the pressure pulses in the combined expiration task was 

different from the pressure pulses in the individual expiration task. For example, 

pressure traces were poorly correlated and the plots were circular. For these subjects, 

no muscles showed values > .8. This was evidence, that even with such flexibility in 

EMG timing and amplitude, trunk muscle activities were specific for the overall task. 

This suggested that as specific features of an individual task were changed, so too would 

the muscles' contribution to the combined task. 
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Figure 5.1. EMG traces representative of each of the three tasks: (A) the expiration 
task, (B) the uni-directionai trunk flexor task, and (C) the combined task. The top trace 
in (A) is the pressure trace, pressure onset is identified across traces by the solid vertical 
line. The top trace in (B) is trunk displacement, movement onset is identified across 
traces by the dotted vertical line. These two traces are in the same position in (C). The 
next four averaged EMG traces are from two tnmk flexor sites (TrFlexUpp, TrFlexLow) 
and two trunk extensor sites (TrExtLat, TrExtMed). In (C), movement onset occurred 
98 msec before pressure onset Units are relative to the largest amplitude recorded 
across tasks from either isometric experiment Amplitude scales are different across 
tasks. The small arrow in (B & C) represents the peak angular trunk displacement The 
dotted horizontal line denotes zero baseline and reflects the lowest EMG level during 
quiet sitting. The figures at the top illustrate the task conditions: unsupported sitting 
or forward movement Data are from Subject 2. 



Figure 5.1. EMG traces representative of each of the tiiree tasks in the uni-directional trunk flexor experiment. 
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Figure 5.2. Variability of TrExtMed tonic levels of activity during the expiration 
task. TrExtMed muscle activity patterns are shown for three subjects aligned to 
pressure onset (solid vertical line) and compared to the consistent pressure trace. 
The EMG bursts did not always begin and end with minimal activity levels. In 
Subjects 5 and 6, the bursts began and ended with activity that was above zero 
levels. This activity decreased to near zero level between the two bursts. In 
Subject 4, the bursts began and ended with activity levels that were below zero 
levels. This activity did not drop back down to resting levels between the two 
bursts. Amplitude scales are different across subjects. The dotted horizontal line 
denotes zero baseline and reflects the lowest EMG level during quiet sitting. 
Units are relative to the largest amplitude recorded across tasks from either 
isometric experiment. 
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Figure 53. The two-burst agonist pattern during the uni-directional trunk flexor task. 
Same format as in figure 5. IB except that bursts are numbered. In the TrFlexUpp, the 
first burst was larger than the second burst and in the TrFlexLow, the first burst was 
smaller than the second burst The onset of the second agonist burst occurred after 
the onset of the antagonist burst Data are firom subject 5. 

Movement Onset 
Trunk Displacement 60 

00 

TrFlexUpp 
on 

TrFlexLow 20 
a. 

TrExtLat 

100 TrExtMed 

200 1000 1200 1400 1600 0 400 600 800 
Time (msec) 



168 

Figure 5.4. Agonist Predictions. DiJBerences in subjects with large and small 
amplitude agonist bursts. In S.4A, the agonist and expiration-related bursts in both 
tru^ flexor sites were of large enough amplitude to be represented in the predicted trace. 
In this subject with a one-burst agonist pattern, the first expiration-related burst was 
mainly clmged in width and the second expiration-related burst showed minimal 
change. In 5.4B, the predicted trace in the TrFlexLow site also represented both agonist 
and expiration-related bursts. In this subject with a two-burst agonist pattern, both 
expiration-related bursts changed in wid& and peak amplitude. In contrast, the 
amplitude of the two-burst agonist pattern in the TrFIexUpp is small and, therefore, 
is not represented in the predicted trace. Instead, the predicted trace is most representative 
of the expiration-related bursts. Scales and vertical lines are same format as in figure S.l. 
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Figure 5.5. Comparison of predicted and measured traces from the TrFlexUpp site. 
All predicted traces represented agonist + expiration-related activity. The thin line 
represents the measured trace and the thick line represents the predicted trace. For 
all subjects, both traces showed two large bursts. The shape and timing af the traces 
were closely matched in three subjects (SI, S5,86). Three subjects (82,85, & S6) 
showed decreased activity before the first expiration-related burst, at the time of the 
initial agonist burst in the predicted trace. This was most obvious in Subject 2. 
Subject 5 showed a missing initial agonist burst in the measured trace but there were 
also changes in shape and timing in the second burst All traces across subjects are 
lined up by pressure onset (solid vertical line). The numbers with arrows denote 
the average difference between movement onset and pressure onset. 
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Figure 5.8. Comparison of predicted and measured traces from the TrFIexLow site. 
All predicted traces represented agonist + expiration-related activity. Format same 
as in figure 5.5. For ^ subjects, the measured trace showed two bursts. In two 
subjects (S2, S4), the two traces were similar in shape and timing eind both measured 
traces were missing the initial agonist burst Subject 5 also showed timing and 
amplitude differences. 
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Figure 5.10. Comparison of predicted and measured traces from both trunk 
flexor sites. All predicted traces represented mostly expiration-related activity. 
Format is similar to figure 5.5. The shape and timing are similar in three subjects 
(both subjects for TrFlexUpp and S3 for TrFIexLow). For all subjects, both traces 
show two large bursts. Subject 6 showed a timing shift of the first burst even 
though the shapes are similar. 
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Figure 5.12. Antagonist Predictions. Differences in subjects with large and small 
amplitude antagonist bursts. Format is the same as in figure 5.1. InS.llA, the 
ant^onist and expiration-related bursts in both trunk extensor sites were of large 
enough amplitude to be represented in the predicted trace. Because the antagonist 
activi^ was gradual, the activity of the antagonist added more to the second burst 
than to the first burst In addition, because the antagonist burst was a long duration 
burst, the valley between the two expiration-related bursts was reduced. In 5.12B, 
for the TrExtMed, the amplitude of the expiration-related activity was small as 
compared to the antagonist activity. The predicted trace, therefore, was similar to 
the indivdual trunk task and no expiration peaks were visible. 
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Figure 5.13. Comparison of predicted and measured traces for (A) TrExtLat and (B) 
TrExtMed sites. All predicted traces represented both antagonist + expiration-related 
activity. Format is the same as in figure 5.5. Upon visual examination, all measured 
traces at both sites show two bursts occurring on top of an increasing level of activity. 
In (A), the shape and timing of the predicted trace matched the shape and timing of the 
measured trace in two subjects (S2, S6). In the other three subjects, shapes are similar 
but differences occurred. In (B), the shape and timing of the predicted trace matched the 
shape and timing of the measured trace in Subject 2. 
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Figure 5.13. Comparison of measured and predicted traces - both tasks represented. 
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Figure 5.15. Comparison of measured vs. predicted traces for TrExtLat and 
TrExtMed sites, ftedicted trace represented mosdy antagonist in (A), and 
mostly expiration-related activity in (B). Format is same as figure 5.5. For the 
TrEx^ed site, the shape and timing of the traces were similar in all three subjects. 
For the TrExtLat site, the measured trace is different in amplitude and timing. 
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Figure 5.17. EMG traces representative of (A) the individual uni-directional trunk 
extensor task and (B) the combined task. Expiration task not shown (see figure 5.1 A). 
Same format as in figure 5.1 except that agonist bursts are numbered in the trunk task. 
The small arrow pointed down represents the peak angular trunk displacement As 
shown in (A), all subjects showed an initial agonist burst in one or both of the trunk 
extensors with onset in advance of trunk movement onset An additional agonist burst 
was seen in the TrExtLat coincident with peak trunk displacement The initial agonist 
burst was followed by antagonist (flexor) muscle activity to brake the movement as 
subjects approached the target trunk angle. All subjects showed this antagonist burst in 
both trunk flexors. In the combined task (B), movement onset occurred 260 msec before 
pressure onset Data are from Subject 2. 



Figure 5.17. EMG traces representative of (A) the uni-directional trunk extensor task and (B) the combined task. 
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Figure 5.18. Variation in tiie agonist burst pattern. Traces are representative of the uni-directional trunk 
extensor task in two different subjects. Same format as in figure 5.IB except that agonist bursts are numbered. 
In 5.18A, the subject showed two additional agonist bursts, one prior to, and one coincident with peak trunk 
displacement. The amplitude of the agonist bursts varied. In S.18B, the initial agonist burst was followed by 
a marked decrease in activity in both antagonists (extensors). The decreased activity started immediately after 
movement onset and lasted until after trunk movement reached peak displacement. The marked decrease was 
coincident with the onset and offset of of agonist (flexor) activity. 
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Figure 5.20. Comparison of predicted and measured traces from the TrExtLat site. In 
(A), predicted traces represented both agonist and expiration-related activity and in (B), 
the predicted trace represented mostly expiration-related activity. Upon visual 
examination of the traces in (A), two expiration-related bursts occurred in all subjects 
except Subject 4. The shape and timing of the measured trace closely resembled the 
predicted trace in Subjects 2 and 6. Subject 2 did not show the initial agonist burst and 
showed meaningful peak amplitude differences. Subject 1 showed a timing shift but 
traces were similar in shape. In subject 4, the traces start out closely matched but end 
completely different. Upon visual examination of the traces in (B), the shape of the 
measured and predicted traces are similar but timing delays occurred in both subjects (S3 
&S5). 
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Figure 5^0 Comparison of predicted and measured traces from the T rExtLat site. 
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Figure 5^2 Comparison of predicted and measured traces from the TrExtMed site. 
In (A), predicted traces represented both agonist and expiration-related activity and in 
(B), the predicted trace represented mostly agonist activity. Upon visual examination 
of the traces for the TrExtLat site, two expiration-related bursts were present in 
Subjects 2 and 3. Both showed decreased activity prior to movement onset, at the time 
when an initial agonist burst was reflected in each of their predicted traces. Only 
Subject 6 continued to show similar amplitudes in the agonist burst at the time of 
movement onset but the traces are different following pressure onset In (B), 
the TrExtMed site, the shapes are different before movement onset and similar after 
movement onset. 

(A) Agonist and expiration-related activity Measured Trace 
— Predicted Trace 

u CU 

O 
S 
Ui 

Movement Onset 
'Pressure Onset 

S2* id| 

1 r 
1000 1200 1400 1600 

(B) Mostly agonist activity 

Pressure Origet^ Movement Onset 

60 -
u a. nP 40-

20-
O 
S 0 -
CiJ 1 T 

600 800 1000 
Time (msec) 

1600 





191 

Figure 5^4. Comparison of predicted and measured traces from the TrFlexUpp site. 
Ail predicted traces represented both antagonist and expiration-related activity. Upon 
visual examination of the traces, two expiration-related bursts were superimposed 
upon an increasing activity in all subjects. The shape and timing of the measured 
traces are similar to the slmpe and timing of the predicted traces in two subjects 
(S4 & S4). 
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Figure 526. Comparison of predicted and measured traces from the TrFlexLow site. 
In (A), predicted traces represented both antagonist and expiration-related activity and 
in (B), the predicted trace represented mostly antagonist activity. Upon visual 
examination of the traces in (A), two expiration-related bursts were superimposed upon 
an increasing activity in all subjects. The shape and timing of the measured traces are 
similar to the shape and timing of the predicted traces in three subjects (S2, S4, & S6). 
Subject 5 showed a large timing delay. Upon visual examination of the traces in (B), two 
expiration-related bursts were present, but the timing was delayed in the measured trace. 
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Figure 26. Comparison of predicted and measured traces from the TrFlexLow site. 
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Table 5.1. 
Differences in Performance Across Subjects in the Uni-directional Trunk Flexor Task 

and the Combined Task. 

Subject 

Difference in peak Difference of 
trunk velocity onsets 

Agonist 
burst 

pattern 

(combined -
individual tasks; 

/sec) 

i l 8  

137 

i l 7  

= 1 

t l 4  

(pressure onset-
movement 

onset; msec) 
1 

2 

3 

4 

5 

6 

1 

1 

1 

2 

2 

2 

100 

226 

98 

12 

130 

263 

7sec 

Decreased Peak Velocity 
Incrased Peak Velocity 
No Change in Peak Velocity 
degrees/sec 



Table 5.2. 
Differences in Performance Across Subjects in the Uni-directional Trunk Extensor Task 

and the Combined Task. 

Difference in peak Difference of 
trunk velocity onsets 

Subject 
Agonist 

burst pattern 

(combined -
individual tasks; 

7sec) 

(pressure onset-
movement 

onset; msec) 

1 2 35 1 

2 2 260 i ^ 
3 3 29 i 4 

4 2 56 f 1 

5 1 -19 t ^ 

6 2 220 t 1 

(Decreased Peak Velocity 
Increased Peak Velocity 

°/sec degrees/sec 
negative (-) Movement Onset Occurs Before Pressure Onset 
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6. DISCUSSION 

Superimposed and Linear Addition of Muscle Activity Patterns 

Findings from this study demonstrated that qualitatively, when subjects 

performed a volimtary pulsed expiration task with a trunk task the muscle activity 

patterns specific to each task superimposed. When quantitative analysis was used to 

test the strictness of this superimposition, results indicated that slightly more than 50% 

of the comparisons showed a strict (linear) addition of two distinct muscle activity 

patterns. That is, the combined muscle activity pattern (measured EMG trace) was the 

same as a mathematical addition of each individual muscle activity pattem (predicted 

EMG trace). This suggests that, the muscles maintained their same relative contribution 

of activity in the combined task as in the individual tasks. 

This linearity is surprising considering the complex anatomy and multiple actions 

of trunk muscles. For example, they have broad origins and insertions and are linked to 

several skeletal stmctures (upper limb, rib ci^e, spine, pelvis, abdomen) either directly 

or indirectly by a complex system of fascia and tendons. Each of these skeletal 

structures is involved in different tasks (Bogduk & Macintosh, 1984). Given this 

complexity, a change in shape in one part of the trunk may affect the mechanical 

advantage of muscles in another part of the trunk. For example, during the isometric 

trunk flexor task, abdominal muscles contract synergistically to hold the trunk against 

gravity, whereas during the expiration task, abdominal muscles are coactive with back 
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muscles to provide a stable platform against which the rib cage can operate for 

generating expiratory pressures (Grassino & Goldman, 1986; Milic-Emili, 1964). The 

inward displacement of the abdomen increases the size of the rib cage, thereby 

potentially lengthening the expiratory muscles (e.g., internal intercostals) placing them at 

a better mechanical advantage for producing quick pressure pulses. Thus, trunk tasks 

that produce static or dynamic changes in shape might be expected to alter the pattern of 

muscle activity required for a simultaneously performed expiration task. Likewise, 

expiration tasks that change the shape and stif&iess of the chest wall might be expected 

to alter the pattern of activity required for a trunk task. 

The linearity was also surprising considering the redundancy of trunk muscles. In 

this study, several different trunk muscles were mechanically capable of contributing to 

either or both of the tasks (e.g., external oblique, internal oblique, and rectus abdominis 

can £ill flex the spine; intercostal, abdominal, and diaphragm muscles can contribute to 

static pressure pulses). In addition, trunk muscles are not functionally constrained to 

any one specific task. Rather, they are capable of acting sjoiergistically with different 

muscles, as dependent on the task. Even to perform isolated movements of the pelvis 

and spine, trunk muscles are activated as a group (Donisch & Basmajian, 1972; Oddsson 

& Thorstensson, 1990; Strohl et al., 1981). It seems reasonable that as trunk muscles 

become recruited for combined tasks, that activity might be dispersed to other muscles 

to help meet requirements of the second task. These features — complex anatomy and 
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redundancy — make it remaricable that a linear addition of muscle activities can occur to 

the extent that was observed in the present study. 

Other studies have shown that not all tasks involving trunk muscles feature 

superimposed muscle activities. For example, iguanas can run, but they must stop to 

breathe. This occurs because they can not "share" their intercostal muscles, which are 

required to act as prime movers in both tasks. For biomechanicai reasons, the intercostal 

muscles on both sides of the iguana's body are unable to act synchronously upon the rib 

cage for breathing if, at the same time, these muscles are needed unilaterally to stabilize 

the trunk against the horizontal and vertical forces during locomotion (Carrier, 1991). In 

contrast, dogs can combine running and breathing because the intercostals can switch 

functions, producing muscle activity for panting while standing, and then contributing to 

locomotion during the combination of panting and trotting. Unlike iguanas, dogs have 

other inspiratory muscles whose activity during breathing are not mechanically 

incompatible with trotting. The activity of these sjoiergists for breathing remained 

synchronized during ventilation and did not change their fimction during the combined 

task (Carrier, 1996). These observations suggest that in a redundant system (i.e., with 

at least two synergists available), muscles that tj^ically act together during one task 

may switch and participate in another task when two tasks are combined. In such a 

case, a superimposition and linear addition of EMG activities will not be apparent. It is 
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possible that as the number of synergists increase, muscles may be less functionally 

constrained (e.g. more flexible), and hence, a strict linear addition may be difBcult 

Superimposition and linear addition of muscle activity is also not apparent under 

another condition: when two rhythmical behaviors are performed together. Cats 

combine paw shake with the swing phase of locomotion but do not superimpose muscle 

activities in hindlimb muscles (Carter & Smith, 1986a). Instead, after the initiation of 

the swing phase of the step, the hindlimb muscles switch from a locomotion pattern to a 

paw-shake pattern, which is terminated at the initiation of the stance of the step. A 

similar switch in rhythmical muscle activity patterns occurs in turtles during scratching 

if two different sites on their shell are stimulated simultaneously (Robertson et al., 

1985). Such evidence suggests that superimposition of muscle activity is not ubiquitous 

across the movement of vertebrates and may not be a common strategy to combined 

tasks. 

Unlike the studies with rhythmical behaviors, the present study involved the 

performance of two volimtary tasks by humans. Previous studies have shown 

superimposition of trunk muscle activity when volimtary isometric trunk tasks are 

combined with static respiratory maneuvers (Valsalva) or quiet breathing (Cresswell et 

al., 1992; Cresswell & Thorstensson, 1989; Rimmer et al., 1995). These studies, 

however, did not test for a linear addition of individual-task EMG patterns. No other 

studies of voluntary trunk or limb tasks have investigated the possibility of combining 
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muscle activities. Nonetheless, there are interesting parallels between limb and trunk 

control that could be studied. For example, it has been shown in certain limb muscles, 

that motor units at different locations in the muscle are recruited in a task-specific way 

(e.g., biceps, van Zuylen et al., 1988; flexor digitonmi interosseous, Laidlaw et al., 

1994). In the biceps muscle during isometric contractions, flexion motor units and 

supination motor units were shown to be recruited consecutively as flexion and 

supination torques were independently manipulated (van Zuylen et al., 1988). It is 

unclear from the data, however, if the surface EMG would have revealed a 

superimposition and linear addition of muscle activity if the flexion and supination 

torques were combined. 

Linear addition was observed in all the experiments of the present study. This 

occurred regardless if a static trunk task or a dynamic uni-directional movement was 

combined with the expiration task. Furthermore, linear addition occurred regardless of 

whether the trunk task was performed in a flexion or an extension direction. This 

demonstrates that linear addition can occur across a range of mechanical conditions and 

is not direction specific. 

In the present study, performance criteria were controlled closely to insure that 

the separate tasks were combined and not altered. It is not known if subjects would 

indeed have altered their trunk movements and pressure pulses if the selected 

performance criteria were not monitored. That is, during everyday tasks, we may alter 
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the perfonnance of combined tasks such that there is little need for superimposition and 

linear addition. Nonetheless, the present study showed quite clearly that linear addition 

generalized across four strictly controlled experimental conditions such as to reveal that 

that two voluntary conmiands can reach the MNs supplying certain trunk muscles in an 

essentially unmodified form. 

Non-linear Exceptions 

Although two to three muscles sometimes showed linear addition across all 

experiments, at least 25% of them nearly always showed a non-linear addition. In such 

non-linear additions, elements of both patterns were still superimposed but significant 

changes occurred in the timing and/or EMG amplitude. In isometric experiments, non­

linear additions always occurred in a holding site, whereas in the uni-directional 

experiments, non-linear addition could occur in any of the four sites. Thus, non-linear 

addition was site specific in the isometric experiments and non-site specific in the uni­

directional experiments. There are at least four possible explanations for the non-linear 

additions found in this study; changed force requirements; preferential participation of 

specific muscles; trade-off between synergists; or, a combination of any or all of the 

above. 

Changed Force Requirements 

It is possible that the force requirements of the two individual tasks interacted, so 

that the force requirements of the combined task did not equal an addition of the force 
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requirements associated with each of the individual tasks. For example, during the 

combined isometric trunk flexor holding plus expiration task, if the abdominal muscles 

were already activated to stabilize the trunk against gravity, additional stabilizing force 

(for the expiration task) may not have been necessary or may have been reduced. This 

would explain results firom the isometric trunk flexor experiment, when the EMG 

amplitude in a holding (abdominal) muscle during the combined task (measured EMG 

trace) was often less than the EMG amplitude in the predicted EMG trace. This 

suggests that the central nervous system (CNS) was able to select the appropriate 

output to trunk muscles based on the biomechanical need for increased force without 

affecting the performance of the combined task. 

Force requirements during the combined task may have also been changed because 

of shape changes associated with the uni-directional trunk movement task. For example, 

during the isometric experiments, trunk angles were matched in the trunk task and the 

expiration task to partially control for shape changes and length>tension relations 

between the two tasks. Chiring the uni-directional experiments, however, the subjects' 

alignment during the expiration task was matched to the start position, yet trunk 

alignment changed dynamically during the trunk task. That is, as the trunk was flexed or 

extended, muscle length-tension relations changed throughout the movement Therefore, 

during the combined task, abdominal muscle activation (two phasic pulses) for the 

expiratory effort would be superimposed upon this complicated time history pattern of 
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muscle-length changes associated with the movement task. The finding of non-linear 

addition during the uni-directional experiments that was non-site specific suggests that 

these complicated interactions vary for each muscle differently over time and are not 

restricted to just flexors or just extensors. This also suggests that as the mechanical 

interactions become more complex, non-linear addition is not restricted to any one 

muscle or set of muscles. 

Preferential Participation of Specific Muscles 

Non-linear addition may occur because the participation of a given muscle is 

preferred for meeting the mechanical demands of one task more than another (Buchanan, 

Ahndale, Lewis, & Rjoner, 1986; MacPherson, 1988). In the isometric trunk flexor 

experiment, the upper trunk flexor site consistently showed non-linear addition. EMG 

recordings of upper and lower abdominal muscle activity during various postural and 

respiratory maneuvers have suggested that the upper abdominal muscles are more 

involved in trunk flexion tasks than are the lower abdominal muscles (Abe, et al., 1996; 

Camian et al., 1972; Strohl et al., 1981). Other studies of trunk movements in standing 

by humans have provided direct evidence for the role of the upper abdominal muscles in 

sagittal plane trunk tasks like those in the present study (Thorstensson et al., 1985). 

Mechanically, the upper oblique muscles have been shown not to exert force on the 

thoracolumbar fascia, a soft tissue structure involved in the generation of abdominal 

pressure. Rather, they have their most direct affect upon the rib cage (Melissinos et al.. 
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1981; Mier et al., 1985; Tesh et al., 1987). These findings suggest that in the present 

study, the upper abdominal muscles preferentially participate in meeting the 

requirements of the trunk task because they are: mechanically the best choice for 

holding the rib cage against gravi^. 

During the isometric trunk extensor experiment, the medial back extensor showed 

a consistent non-linear addition and may have also participated preferentially in meeting 

the requirements of the trunk task over those of the expiration task. Muscles in this 

location are maximally activated during isometric holding tasks, and minimally activated 

dviring movement as its velocity is increased (Andersson et al., 1977; Jonsson, 1970). 

Anatomically, this muscle originates from lumbar transverse processes and inserts on 

spinous processes only two to three segments superior. Hence, the medial back 

extensors are believed to play a large role in stabilizing the spine. Moreover, when faced 

with a ventilatory challenge of breathing CC)2 during a loaded isometric trunk extensor 

task, the medial lumbar extensors continued to support the spine with no contribution 

to the ventilatory task (McGill et al., 1995). Together, these findings suggest that 

during combined tasks that require large mechanical demands for intervertebral stability 

(e.g., braking a flexion movement), this muscle may be preferentially activated to 

stabilize the spine, and it may not contribute to the expiration task. 
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Trade-ofF Between Synergists 

Finally, non-linear addition may be explained as a trade-off that involves other 

synergist muscles. For example, during the isometric experiments, decreased activity in 

the upper trunk flexor site could have been accompanied by increased activity in other 

trunk flexor synergists, such as the iliopsoas, that were not recorded in this study. In 

the uni-directional experiment, agonist activity was sometimes missing or significantly 

decreased. This could have involved a trade-off with increased activity in another 

agonist (not measured), without affecting net force (or performance). Trade-off is often 

used to explain changes in amplitude of muscle activity within a redundant muscle 

system, however, it has not been clearly demonstrated to occur for trunk movements 

(Buchanan et al., 1986; Chao & An, 1978; Crownshield, 1978). 

Although a trade-off between synergists could explain a reduced or an absent 

agonist burst in one muscle, the present findings generally showed that both recorded 

agonists tended to exhibit reduced or absent EMG activity. This suggests that these 

EMG agonist bursts were not obligatory components of the muscle activity patterns 

required to initiate movement of the trunk in the uni-directional tnmk movement 

studied. Other studies have reported missing initial agonist bursts during trunk flexion 

and extension movements in standing (Crenna et al., 1987; Oddsson & Thorstensson, 

1987a; Thorstensson et al., 1985). In the latter experiments, trunk flexion movements 

were initiated as the result of passive movement of the trunk after abrupt termination of 
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tonic activity in ttie back extensors. A similar termination of tonic activity has been 

shoAvn to occur prior to aim reaching tasks in sitting (Tyler, 1994). Given the mass of 

the trunk, it is possible that a relaxation of postural muscles can allow passive forces 

(e.g., attributable to gravity, ligaments/viscoelastic properties of muscles) to move the 

trunk such that an agonist burst is not always necessary. This may have occurred 

during the combined uni-directional experiments in the present study. Interestingly, 

missing bursts also have been characterized in turtle scratching behaviors when two 

forms of scratching were elicited simultaneously (Robertson et al., 1985). The combined 

muscle activity incorporated characteristics of both patterns of scratch, but at times, 

EMG bursts were deleted without afTecting the timing of the other muscles or the 

position of the turtle's scratching hindlimb. Perhaps, this is a feature of redundant 

systems, wherein selected sjoiergistic muscles can sometimes remain quiet without 

affecting the overall performance of the task. 

Implications to Motor Control 

This study confirmed the hypothesis that two task-specific EMG activity 

patterns associated with two separate volimtary tasks could add linearly when both 

tasks were performed simultaneously. The findings suggest that MN pools to trunk 

muscles are ce^able of responding to two separate sets of descending command signals 

by a simple addition of their responses to the single inputs. The following discussion 



209 

addresses the potential mechanisms underlying such a linear addition, albeit with full 

recognition that this issue was not taken up in the present study. 

According to the traditional concept of MN pool organization and the size 

principle (Henneman, Somjen, & Carpenter, 1964; Stuart & Enoka, 1983), the 

suprasegmental and segmental input to an individual MN pool has widespread and equal 

access to the MNs across the pool. Hence, in this study, simultaneous inputs for the 

two tasks (trunk & expiration) would each have widespread and equal access to an 

individual MN pool. Motor units would be recruited systematically in accordance with 

their size properties (i.e., the orderly motor unit recruitment phenomenon), and muscle 

force would increase near linearly with the increased drive to the MN pool. According 

to this interpretation, the linear addition of an individual muscle in the present study 

would result from an increased CNS drive to the relevant MNs, as brought about by the 

need to produce greater force for the combined tasks. It can be presimied that this 

increased drive would recruit more MNs and increase the firing rate of already active 

ones. 

As an alternative model for linear addition, the two sets of descending command 

signals may preferentially synapse on different groups of MNs. This model of MN 

recruitment suggests that the MN pool is subdivided into fimctionally distinct groups 

(Kandou & Kemell, 1986; ter Haar Romeny, 1984; van Zuylen, 1988). Within each 

group, MNs would still be subject to orderly recruited according to the size principle as 
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described above. Evidence for different synaptic drives to motor units has been shown 

to occur in humans fon the sternocleidomastoid muscle during breatbing and postural 

tasks (Adams, Datta, & Guz, 1989); the FDI muscle during power grip and isolated 

finger movement tasks (Bremner, Baker, & Stephens, 1991); and the biceps muscle 

during flexion and supination tasks (Buchanan et al., 1986; Zuylen et al., 1988). This 

latter model suggests that the linear addition of muscle activities during the complex 

combination of two tasks results firom recruitment of a second group of MN's. This is 

in contrast to the first model in which linear addition would result fix>m an increased 

recruitment of the MN pool as a whole. A distinct grouping and/or recruitment of 

subpopulations of motor units has not been demonstrated for thoracic or abdominal 

muscles. This means that, at present, there is insufGcient evidence to support a 

widespread or partitioned input to individual trunk MN pools. 

Overall Conclusions 

The overall results firom this project demonstrate that the activities of certain 

trunk muscles combined as in a linear addition, while the activities of other trunk 

muscles combined in a non-linear fashion. This raises the question, how can both occur 

at the same time? One explanation appropriate for the present results is based on a 

model that has been proposed for other complex behaviors, such as locomotion, posture, 

and respiration. Namely, muscle instructions are prepared as a program but sensory 
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feedback can modulate the activation of individual muscles contributing to the planned 

movement 

Previously reported examples of planned instructions to selected muscles 

interacting with sensory mechanisms have included those for postural responses and the 

tri-burst EMG burst pattem found in limb movements (Berardelli et al., 1996; Horak & 

Nashner, 1986; Nashner, 1985). In further support of this explanation, both postural 

responses and the triphasic burst pattem have been shown to occur in trunk muscles 

(Carlson, Nilsson, Thorstensson, & Zomlefer, 1981; Thorstensson et al., 1985) and, 

therefore, voluntary trunk movements may be organized similarly. 

In accordance with this explanation, each individual task of the present project 

(i.e., the expiration task and the trunk task) may be organized as separate programs. If 

these two programs are active simultaneously without any sensory modifications, then 

linear addition would occur in all the muscles. However, sensory information from 

baroreceptors, pulmonary stretch receptors, or other interoreceptors in the abdomen 

may modify abdominal muscle activity (Miller, 1997). Moreover, abdominal, 

intercostal, and back muscles are supplied with the usual low-threshold proprioceptive 

receptors (muscle spindles & golgi tendon organs) as well as higher-threshold ones 

(Hasan & Stuart, 1984) that provide feedback about the length and force of muscles. 

This sensory information could modify the programmed commands such that for certain 

muscles, a non-linear addition results. For example, the time history of length-tension 
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changes of abdominal, intercostal, and back muscles would vary for each experiment of 

this project and hence, modulate the pattem of muscle activities. 

Everyday tasks involve the simultaneous performance of voluntary breathing-

related behaviors with various trunk movements. The proposed model provides a 

relatively straightforward mechanism for combining breathing-related behaviors with 

other trunk behaviors. Yet, the model also allows for flexibility in the activation of 

specific muscles to take advantage of a muscle's particular mechanical effectiveness, and 

to allow a movement to adapt to environmental constraints without having to 

reconfigure or construct a new program. 
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APPENDIX A: SUBJECT VERBAL QUESTIONNAIRE 

Investigator: Becky G. Farley Date: 

Subject Code: 

otneralsubjectSFO"'̂ ""'̂ "'""""""'""" 

Age: Date of Birth: 

Sex: Race: 

SPECIALTRAINING 

Have you had any special training or experience in 
singing? 
public speaking? 
acting? 
wind-instrument playing? 

Do you participate in physical training for competition? 
If yes, please describe. 

HEALTH HISTORY 

Have you ever smoked cigarettes? 
If yes. 

Do you smoke now? 

When did you start smoking? 

How much do you smoke on average? 

When did you quit? 
Have you had long-term exposure to 
"side smoke" dust or chemical fumes? 
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Has a doctor ever diagnosed you with 

YES NO 
pneumonia 
hayfever/allergies 
emphysema 
ast^a 
chronic bronchitis 
chronic laryngitis 
acute back pain 
herniated disc 
bone firactures 
head injury 

any of the following? 

YES NO 
arthritis 
scoliosis 
bone disease 
mberculosis 
spinal cord injury 
bone dislocations 
neurological disorders 
heart trouble 
high blood pressure 

If yes, please explain. 

Have you ever had surgery? If yes, please explain. 

Do you have problems with phlegm, coughing, wheezing, or breathlessness? If 
yes, please explain. 

Have you had other orthopedic or medical problems that might affect your ability 
to bend you trunk forwards and backwards while sitting? If yes, please explain. 



215 

PRESENT HEALTH 

Are you feeling healthy today? 

Do you take any medications? If so, what are they? 

Are you suffering from any joint or physical pain today? 

What activities do you participate in on a daily basis? 

Portions of this questionnaire were modified from the Adult Questionnaire 
provided in the published report of the Epidemiology Standardization Project 
(Ferris, 1978). 
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APPENDIX B: PHYSICAL THERAPY SCREENING 

Scoliosis 
(Observe spine alignment in following positions; draw any limitations or deformities on 
the back of this page) 

Forward Flexion 
Side Bend R 
Side Bend L 

(circle the appropriate descriptors for each body segment) 
Pelvis -> level asymmetrical 
Skinfolds symmetrical asymmetrical atypical 
Range of motion -> normailimitsR L decreased R L 

Overall Posture 
(Circle the appropriate descriptors for each body segment) 

Head —» erect. forward midline 

Chest —^ high flat 
Shoulders —> forwards high as3m3metrical 

Abdomen —> flat protruding 

Spine —> back flat kyphosis lordosis 
Pelvis —> balanced anterior tilt posterior tilt 

Knees —» forward inward outward 

Ankles—> neutral pronated supinated 

Low Back Pain (LBP) or Stiffiiess (difBciilty in straightening the back) 
(Ask the subject if he experiences LBP or stiffiiess in the following positions) 

floor sitting long sitting in a loimge chair 
chair sitting automobile sitting 
squatting 

Neurological Symptoms 
(Ask the subject the location of his complaints of pain) 

Location: back buttocks upper leg below knee 

(Circle the appropriate descriptors) 
numbness tinglingconstant intermittent sharp stab deep ache 
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