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Significant Findings 

Asymmetrical trunk postures are common in industry. Some evidence from the 

epidemiological literature suggests that these postures are associated with higher frequency 

of reported injuries to the lower back. This study was undertaken to increase the knowledge 

of the loads on the lumbar spine during isometric asymmetric trunk exertions. 

Electromyographic (EMG) activity of trunk muscles and load on the lumbar spine 

during dynamic asymmetrical exertion has been studied previously. High spinal forces 

reported by these studies is partially due to a change of trunk posture and by that changes in 

trunk muscle alignments, and partially due to changes in net internal resultant moments. The 

aim of this study was to investigate the effect of changes in the magnitude and angle of the 

net resultant force on the EMG activity of trunk muscles and thereby the forces acting on the 

lumbar spine during upright asymmetric isometric trunk exertion. 

The result of the present study demonstrated the effect of magnitude and direction of 

net resultant moments on the normalized root mean square (NRMS) EMG activity of ten 

selected trunk muscles. Three main conclusions were drawn from this study: 

] . The ten selected trunk muscles were significantly affected by the magnitude 

and direction of the net resultant moment. 

2. The NRMS-EMG activity of the trunk muscles was higher during combined 

(asymmetric) isometric exertion compared to pure (symmetric) isometric trunk 

exertion. 
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3. The controllability and capability of high magnitude trunk moments were 

significantly affected by the direction of the net resultant moment. 

This study used an EMG driven model to estimate loads on the lumbar spine at L3-L4 

level. Previous studies in the literature suggest that EMG-driven models should be used for 

estimation of spinal forces and risk of injury during asymmetrical exertion. The present study 

demonstrates the shortcoming of these models and suggestions for enhancement of these 

models. The results also show that EMG-driven models are sensitive to the assumptions 

made with respect to EMG-force relationship of trunk muscles. The trunk moments and 

spinal forces based on three selected assumptions are presented. The results of the statistical 

analysis suggest that the sagittal moment, the lateral shear force, and the compression force 

on the lumbar spine were highly and significantly (p<O.03) affected by the mathematical 

formulation of force in these models. 

Two sites have been suggested in the literature for monitoring the myoelectrical 

activity of the internal oblique (lOB) muscles, the anterior triangle and the posterior triangle. 

Placement of surface electrodes in previous studies at the posterior triangle area suggests that 

the lOB muscle be a trunk extensor. This finding is opposite to the studies that monitored 

the EMG activity of the lOB muscle at the anterior triangle area. In the present study, wire 

electrodes were used to investigate the functional behavior of the lOB muscle during pure and 

combined trunk exertion. The result of this study shows that the lOB muscle is a trunk flexor 

both in symmetrical and asymmetrical isometric trunk exertions. The potential problems and 
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error due to use of the lumbar posterior triangle for monitoring EMG activity of the lOB 

muscle have been discussed based on results of individual CT -scan images of the participating 

subjects in this study and dissection of one cadaver. This study demonstrated that the EMG­

driven models are sensitive to assumptions made with respect to the geometrical description 

of the trunk muscles. The results of the statistical analysis suggest that the sagittal moment, 

shear forces, and muscle gains are significantly (p<O.002) effected by these assumptions. 
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Usefulness of Findings 

The results of the present study have both practical and theoretical implications for 

studying low back pain and risk of injury during asymmetrical trunk exertion. The results 

have special applications for ergonomic job evaluation and job design. It was demonstrated 

that controllability and capability of trunk exertion decreases as the task becomes 

asymmetrical. Therefor job design and especially repetitive tasks involving asymmetrical 

trunk postures should be avoided. This study shows that increased asymmetric postures 

involving flexion and rotation of the trunk significantly reduce the exertion level and the 

controllability of exertion. The findings also indicate a significant increased load on the lumbar 

spine. Therefor injob design the combination offlexion and twisting of the trunk should be 

avoided to the extent possible. This information is particular important for new design and 

redesign of a job station and product development. Industrial designers, employers and unions 

should be aware of these findings in an attempt to lower the risk for low back injuries. 

The capability of symmetrical trunk exertion cannot be used as an indication for the 

capacity of the individual during asymmetrical trunk exertion. This study indicates that testing 

an individual in a symmetrical posture will not predict the individual's capacity in an 

asymmetric trunk exertion task if trunk flexion and twisting must be performed 

simultaneously on the job. 

The study also has implications for the clinician interested in prevention and 

rehabilitation and for the ergonomists who are involved in occupational rehabilitation ( work 

conditioning and work hardening programs), and functional capacity evaluation of an 
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individual with an injury to the lumbar spine. Rehabilitation programs should design work out 

protocol including increased endurance, strength and coordination exercises to increase the 

controllability and stamina in flexion combined with twisting of the trunk to enhance the 

individual's personal prevention of low back injury. This protocol could also be used as 

programs in industry for primary prevention of low back injury. 

In research, the electromyography (EMG) driven models have been extensively used 

in the literature to investigate the effect of symmetrical and asymmetrical trunk exertion and 

the effect on spinal loads. The present study demonstrates that the outcomes ofEMG-driven 

models are sensitive to the anatomical and physiological assumption made in the mathematical 

formulation of these models. These assumptions significantly affect the estimated spinal 

forces and moments. Since forces currently cannot be measured directly on the spinal 

structures, there is no method for measuring the validity of one model compared with other 

models. The interpretation of the results of different models should be based on: 1) the 

validity of assumptions made in the formulation of forces in these models, 2) the accuracy of 

predicted trunk moments, and 3) the range of spinal force estimated by a model. The EMG­

driven models are the best tools for investigating the effect of industrial activities on spinal 

forces and risk of injury. The refinement of these models enhances our understanding of 

human performance and individual limitations. The present study provides a new method of 

formulating muscle force in EMG-driven models. Advantages of the new method are: 1) 

individual muscle gain can be calculated, 2) the formulation of model is flexible to the 

assumption made with respect to EMG-force relationship of the trunk muscles. 
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EMG-driven models provide a tool for investigating the effect of industrial and clinical 

guidelines based on physical condition of the patient. Based on the result of these models, 

the efficacy of guidelines may be better evaluated in the future. 
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Abstract 

In industry, carrying and lifting objects asymmetrically is nonnal daily practice. This 

situation is hazardous to the musculoskeletal system due to an increase in coactivation of the 

musculature and an increase in the load on the spine. 

The aim of this study is to quantify the activities of ten trunk muscles by using wire 

and surface electromyography (EMG) during maximal and submaximal isometric exertion, 

under pure and combined loading conditions of the trunk. Combined loading is defined as the 

vectorial sum of moments in the sagittal and transverse planes. These planes are selected 

based on their prevalence in industrial tasks and low back injuries. 

To calculate the effect ofintemalloading, the muscle parameters are calculated from 

CT -scan images of each participant. Individual muscle forces are estimated using an EMG­

driven model. The compression and shear forces are calculated under suggested conditions. 

The effects of pure exertion (planar exertion) and combined exertion on the patterns of trunk 

muscle recruitment and the compression and shear forces are calculated. 

The primary hypotheses of this study are: 

1. The mean ofNRMS-EMG of the ten selected trunk muscles will change 

significantly with the orientation and magnitude of the net resultant 

moments of the trunk. 

Z. The result of the EMG-driven models will be significantly affected by 

assumptions made with respect to muscle EMG-force relationship. 
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3. The result of the EMG-driven models will be significantly affected by 

assumptions made with respect to geometrical values and function of trunk 

muscles. 

To test the first hypothesis, fifteen healthy volunteers with a mean age of29.8 ( 6.4) 

years and height 168.2 ( 8.7) cm and weight 69.9 ( 12.9) Kg were tested. The results of 

MANOVA indicated that the NRMS-EMG often selected trunk muscles were significantly 

(P<0.0001) affected by the magnitude and angles of the net resultant trunk moments. The 

muscles showed higher activity during combined exertion compared to pure exertion. At 

higher planar exertion, the capability and controllability of the trunk muscles were significantly 

reduced during combined exertions. 

To test the second and third hypotheses, compression and shear forces for six subjects 

were calculated based on the EMG-driven models of lumbar spine load. The statistical 

analysis suggests that the sagittal moment, lateral shear force, and compression force 

estimated by the EMG-driven models are significantly (P<O. 001) affected by the assumptions 

made with respect to the EMG-force relation of individual trunk muscles. For the third 

hypothesis, the statistical analysis demonstrates that sagittal moments, shear forces, and 

estimated gains are significantly affected by geometrical parameters and the assumptions made 

with respect to the role of the internal oblique muscles. 

A new method of calculating muscle force has been suggested in this study. The 

suggested method allows for an estimation of gain for each individual muscles and group of 

muscles according to function. 
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The present study will provide a theoretical and methodological refinement ofEMG­

driven models. The information presented in this study enhances our understanding of 

mechanical and neuromuscular performance in humans and the risk of low back injury under 

asymmetrical trunk exertions. 
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Alterations to the Original Proposed Project 

The main focus of this study was to collect sets of data that are reliable for testing our 

hypotheses and thereby to improve the biomechanical load model of the lumbar spine. 

Therefore, the electrode placements, reliability, and validity of the collected EMG signal were 

a major concern in the early stage of study. 

Our initial attempt in data collection showed poor validity for the internal oblique 

(lOB) muscle EMG signal. This led to a detailed investigation of the electrode placement 

of the muscle. Two sites have been suggested in the literature for monitoring the EMG 

activity of the lOB muscle, the anterior and the posterior or lumbar triangle (see Chapter 4 

for definition and detailed discussion). Original peer reviewed, published studies were used 

as a base for our first study design. None of these studies reported the validity of the 

electrode placement in the lumbar triangle. No investigator reported any of our concerns with 

respect to electrode placement ( i.e., size of the lumbar triangle with reference to small and 

large size individuals, margins of error for electrode placement, and anatomical individual 

variations). 

The main question in the early stage of our study was the margin of error in placement of the 

electrode in the lumbar triangle. This led us to inspect the size of lumbar triangle with respect 

to size electrodes in a dissection study of one cadaver. Detail discussion related to this issue 

and our findings are reported in chapter 4. The result of the dissection study led us to believe 

that the validity of the lOB muscle electrode placement should be further studied and wire 
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electrodes should be used to monitor the myoelectrical activity of the lOB muscle. This 

decision was made based on following facts: 

• Eigthy percent of the tasks in this study involved maximal or submaximal trunk 

exertion in transverse plane. 

• The lOB muscle has a major role in transverse trunk exertion. 

• The lumbar triangle size is too small for placement of two surface electrodes. 

• Misplacement of surface electrodes may magnify the EMG signal collected from 

the lOB muscle and consequently jeopardize the results of our hypothesis testing 

and the calculation of lumbar spinal forces. 

• Inspection of the individual CT -scan images of the first tested subjects showed 

that the posterior end of the lOB muscle does not form the lumbar triangle as it 

is explained in general anatomical text books (see Chapter 4 for more details). 

The original testing protocol was modified to include placement of wire electrodes in the lOB 

muscles under CT -scan imaging. Due to technical limitations associated with wire electrode 

technique, our sample size was reduced to six subjects for the second phase of the study. 

More subjects were needed for statistical analysis for the hypothesis related to compression 

and shear forces under exertion testing conditions. Therefore, the last hypothesis in the 

original study was not tested. 

During the course of this study, we discovered theoretical problems in formulation of the 

forces in the EMG-driven models. Chapters 3 and 4 are addressing some of these problems. 
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A new method of calculation of muscle forces has been suggested to overcome these 

problems. This was not part of originally proposed study. 
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Chapter I 

Introduction 

1. 1 Review of the Literature 
Despite increased automation in the workplace (Marras et aI., 1991) and modem 

advances in medical diagnosis, prevention, and treatment, low back pain (LBP) continues 

to be widespread amongst industrial workers. Most researchers in the past two decades 

attempted to verify the risk factors of occupational low back pain and to reduce the effect 

of these factors in common industrial tasks. 

The epidemiological studies have identified work intensity, static posture, frequent 

bending and twisting, lifting, pushing and pulling, and repetition as occupational risk 

factors associated with LBP (Genaidy et aI., 1994; eorlettt and Richardson 1981; 

Andersson 1985; Hagberg et aI., 1995; Marras et aI., 1993; Punnett et aI., 1991). These 

risk factors were statistically or empirically associated with the occurrence of LBP 

(Hagberg et aI., 1995) and are not necessarily the direct causes ofLBP. These risk factors 

can directly or indirectly influence the onset and/or course of LBP by affecting the 

pathological and physiological responses (Hagberg et aI., 1995). 

Many occupational guidelines and ergonomic checklists have been designed to 

define and address the issues related to risk factors at occupational sites. The main 

problem in the utilization of these guidelines is that these risk factors are not independent 
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of one another, and generally, they may act as surrogates for each other (Hagberg et al., 

1995). A risk factor can have a direct effect through various mechanisms or it can 

influence other risk factors by manipulating their relative importance. For instance, the 

most often cited risk factors of LBP are work intensity (Marras et al., 1995) and poor 

posture (Punnett et aI., 1991). In occupational settings, a task may define a specific 

physical demand on the body and/or a specific beginning and ending of a movement; i.e. 

moving an object from point A to point B. However, the choice of the movement pattern 

is not defined. Depending on the physical demand of the task (e.g., shape of the object, 

bulkiness), one may choose a specific movement pattern. Depending on the physical 

demand and load of the object, a safe movement pattern may become unsafe and increase 

the risk of LBP. Generally, this interaction is not trivial and the workers should be 

educated and trained to understand these phenomena. Furthermore, the interaction 

becomes more complex when other factors such as velocity and inertia of dynamic 

movement are added. 

Most of the recent literature pertaining to asymmetrical versus symmetrical loading 

of the body addresses the issues related to the interaction of load and posture. These 

studies are important for two reasons: 1) they refer to the two risk factors (i.e., load and 

posture) that are most frequently cited in the literature as occupational risk factors for 

LBP; and 2) asymmetrical posture is observed more frequently in industry than 

symmetrical posture. The aim of this study is to further investigate the interaction of the 

load and posture. Following is a pertinent description to this study of each of these risk 
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factors and a review of the literature related to asymmetrical lifting. 

1.1.1 Load 
Mechanical load, as used in the literature, can be divided in three main categories: 

1) whether the load is defined externally or internally, 2) whether the magnitude of the 

load is high or low, 3) whether the duration of the load is short or long. All combinations 

of these categories can be found in the current biomechanical literature. 

The early preventive strategies for LBP were based on reducing the magnitude of 

external load on the spine. In 1981, the National Institute for Occupational Safety and 

Health (NIOSH) published a work practice guide for manual lifting (NIOSH, 1981). The 

guideline was based on the theory that "overexertion injury is the result of job demand 

that exceeds a worker's capacity" (NIOSH, 1981). The guideline was limited to static and 

symmetrical load and the duration of the load was not taken into account. The model was 

revised in 1991 (Water et aI., 1993) and the affect of other parameters, i.e. asymmetrical 

load, was incorporated in the model. 

Most recent studies indicate that prevention strategy should be based on the 

reduction of magnitude of both external and internal loads on the spine. The rationale for 

this strategy stems from a series of studies that investigated the effect of asymmetrical and 

symmetrical external load on the coactivation of trunk muscles. These studies (Lavender 

et aI., 1994~ Marras et aI., 1993) demonstrated that the characteristics of external load 

(magnitude of load, symmetrical and asymmetrical nature of the load) affect the pattern of 

coactivation and the magnitude of forces generated by the trunk muscles. The information 
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from these studies has been used to calculate the spinal compression and shear forces due 

to the net result of internal forces. These models are still in the evolutionary stages 

(Marras and Sommerich, 1991) and require further improvement. More detailed 

discussion of these models are presented in Chapters ill and IV. 

One shortcoming ofbiomechanical models is that the load exposure duration is not 

incorporated in the study of load. Knowledge of the magnitude and pattern of external 

and internal load is important with respect to understanding the risk and mechanism of 

injury. BiomechanicaUy, the human body is considered as a composite structure and 

tissues with viscoelastic properties. Failure (fracture or rupture) occurs when excessive 

energy is being absorbed by the tissue. Energy can be absorbed whenever a load is being 

applied on the material or the tissue. Manipulation of external load or posture is the net 

result of internal forces. Many loading schemes are possible in which the duration or 

magnitude of load is being varied. Sudden exertions (i.e., explosive exertion, falling, 

cough) are examples of high load with short duration on the soft tissues. Low 

cocontraction of trunk muscles during exposure to whole body vibration or repetitive 

tasks in industry is an example of high duration and low load on the tissue. This type of 

injury mechanism is referred to as a cumulative trauma model of injury where the rates of 

micro-injury or micro-trauma are faster than the rate of healing. 

It has been reported that overexertion causes low back pain in 60% of all low back 

pain patients (NIOSH, 1981). Overexertion can be due to high load with short duration or 

low load with long duration. Current statistical information does not provide information 
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with respect to the type of overexertion. However, it is believed that single overexertion 

(high load with short duration) is probably a less frequent cause of injury and statistical 

information is more reflective of the cumulative model of injury (Andersson, 1990). 

1.1.2 Posture 

The importance of a good working posture has long been recognized (Haslegrave, 

1994) and has been explicitly or implicitly associated in the literature with work-related 

musculoskeletal disorders (Hagberg et al., 1995). In spite of a large body of ergonomic 

literature related to working posture, no clear definition of posture can be found 

(Haslegrave, 1994). Based on the particular context, i.e., anatomy or biomechanics, 

posture may be regarded as the configuration of body parts in space or 'quasistatic 

biomechanical alignment' (Haslegrave, 1994; Rohmert and Mainzer, 1986). In the later 

definition, posture is used to refer to dynamic movement of the body and the movement 

pattern of body parts in space. 

It is shown that "poor" posture affects a worker's performance and Increases 

fatigue, induces pain, reduces efficiency, and increases the risk of injury. Based on a field 

study, Corlett and Richardson (1981) discussed the relationship between worker posture 

and pain, and efficiency of performance. For example, in the case of a welder who has a 

limited choice of working postures (Corlett and Bishop, 1976), while holding the pieces 

together, or an operator who has to bend over a work surface to see and manipulate a 

workpiece. These poor adapted postures could lead to postural stress, pain, and/or 

discomfort fatigue. In these cases, the pain or discomfort rather than functional capacity 
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may often be the limiting factor to performance. 

Epidemiological and biomechanical studies have found that a combination of high 

external load and "poor" movement patterns cause a high internal load on the spinal 

structures and increases the risk of low back pain. "Poor" movement patterns consist 

primarily of bending and/or twisting of the trunk. Bending occurs during reaching and 

lifting of an object from a low or high surface. Twisting of the trunk is mostly the result of 

inadequate workplace design. Often these movements are combined and involve carrying 

an object. Excessive bending and twisting of the trunk have been related to reported low 

back pain in industry (Mag ora, 1973). The frequency of the movement, the pattern, and 

the weight of the object are suggested to be related to low back pain (Ayoub and Mital, 

1989~ Bigos and Battie, 1991; Chaffin and Andersson, 1984; Magora, 1973). 

Punnett et at. (1991) studied the effect of non-neutral trunk posture among 

automobile assembly workers. They found that back disorders were associated with mild 

trunk flexion (Odd Ratio 4.9, 95% confidence interval (CI) of 1.4-17.4), severe trunk 

flexion (Odd Ratio 5.7, 95% CI 1.6-20.4), and trunk twist or lateral bending (Odd Ratio 

5.9, 95% CI 1.6-21.4). A higher risk was reported for jobs with daily exposure to two or 

three non-neutral postures than those with exposure to only one posture. 

An important part of ergonomic job evaluation is to utilize biomechanical models 

to evaluate the safety of job demands on the worker, based on the posture adapted during 

task performance. The NIOSH lifting guideline (NIOSH, 1981) and the predictive 

strength model developed by the University of Michigan (Chaffin and Andersson, 1984) 
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are examples of such models for estimating load on the lumbar spine. The safety of a load 

on the lumbar spine is predicted by anthropometic data and load characteristics (i.e., 

weight, distance ofload from body). There are two main problems with these models: 1) 

they can only analyze static or quasi static postures, and 2) they only analyze the posture 

based on information available from the actual performed task. However, there is no 

method of predicting possible safe postures for a given load and specific environmental 

constraints, e.g., workplace layout and available work space. 

Ergonomic literature is significantly lacking in evidence of how a working posture 

is being adapted by an individual in real work situations, and whether these are "good" or 

"poor" postures (Haslegrave, 1994). The prediction of posture is important in creating a 

realistic human model that is to be used in forceful tasks environment (Haslegrave, 1992). 

Experienced operators are likely to choose very different postures from those adopted by 

trainees or people not normally employed in heavy manual jobs (Haslegrave, 1992). In 

most ergonomical job evaluations, the posture is recommended based on the workspace, 

demand of the job, and biomechanical factors. However, individual posture is the end 

result of many factors other than biomechanical and ergonomic factors that we are not 

able to predict or comprehend fully, e.g., comfort, perceived risk of injury or fall 

(Haslegrave, 1992). Haslegrave (1992) investigated underlying factors for adapted posture 

during force exertion tasks (force exertion during standing, kneeling, and working 

overhead). The author reported that posture was affected by the work location, reach 

distance, and the environmental constraints that were imposed by the layout of workplace. 

Haslegrave (1992) found a smal1 change in posture constraint resulted in a large degree of 
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variability in the adaptation of posture and a considerable change of strength. 

1.1.3 Asymmetrical Load and Posture 

Asymmetrical load (asymmetrical task) refers to a situation where the extemalload 

on the body is not equal regarding the mid-sagittal plane (Lavender et aI., 1992). A 

common example of asymmetrical loading of the body is carrying, pushing, or pulling with 

one hand, or a task that requires twisting and lateral bending of the trunk while holding an 

object. Drury et at. (I982) reported three types of asymmetrical movements in his sUlVey 

of2,000 box handlers in a variety of industrial jobs. Trunk twisting was the most common 

type of asymmetrical movement and occurred during 80% of the tasks. The second type of 

asymmetrical trunk movement occurred during lifting or carrying a box like object with an 

asymmetrical hand position. A third type of asymmetrical movement was associated with 

objects that are unevenly loaded. Common examples of this include carrying containers of 

liquid (Ayoub and Mital, 1989), boxes that are loaded unevenly, i.e. the center of mass of 

the load lies outside of mid-sagittal plane (Mital and Fard, 1986), or objects that have an 

uneven shape. 

Some researchers suggests that asymmetrical loading of the body is due to 

inadequate job design and should be eliminated whenever possible (Garg and Badger, 

1986). Ayoub, (1978), suggests that asymmetrical trunk movement is often a natural 

response of the worker to reducing the muscular effort. If so, the occurrence of 

asymmetrical movements are often independent of job design and is mainly due to 

inadequate work technique. 
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A review of the recent literature suggests several reasons why asymmetrical 

exertion may increase the risk of injury. 

1.1.3.1 Change in the Geometric Alignment of Muscles 

The efficiency of the trunk musculature in the force production is affected by trunk 

twisting and or bending. For instance, depending on the degree of trunk axial rotation, the 

length-tension relationship of the muscles may change and the ability of the muscles to 

produce forces will be affected (pope et aI., 1987). Depending on the degree of trunk 

rotation, the angle of moment with respect to the lever arm of the muscle changes (pope 

et aI., 1987). The combined effect of these two phenomena will affect the efficiency of 

trunk muscles in generating force. Moreover, the combined effect of these factors are 

more pronounced during trunk rotation (McGill and Hoodless, 1990) or trunk rotation 

combined with trunk bending along the other trunk axis. In the case of pure rotation, it 

has been shown that trunk twisting affects the centroid, locations, and the orientations of 

lines action of all trunk muscles (Tsuang et aI., 1993). They found that most changes in 

muscle geometry occur in the first 25 degrees of trunk twisting, and its effect is greater for 

rather than lower lumbar vertebrae. In some cases, the changes in moment arms were as 

great as twofold. 

The effect of trunk twisting on muscle performance has been demonstrated by the 

quantification of maximum strength (McGill and Hoodless, 1990). Garg and Badger 

(1986) reported a significant decrease in static strength as the angle of asymmetrical lifting 

increased. Mital and Fard (1986) have shown an 8.5% decrease in lifting capability after a 

20 cm shift in the central gravity of a box. It was further observed that lifting an 
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asymmetrical load with a 20 cm offset was physically as demanding as lifting a 

symmetrical, but considerably larger box. 

1.1.3.2 Increased Muscle Coactivation 

Coactivation of musculature may occur to increase the stability of a joint at higher 

exertion events. The coactivation of trunk muscles increases as the load increases 

(Lavender et al., 1994). In the case of asymmetrical movements of the trunk, Marras and 

Mirka (1990) found that almost aU the muscles were affected by acceleration, velocity, 

and asymmetry of movement. They reported significant coactivation among trunk 

muscles, and coactivation was different depending on whether trunk velocity or trunk 

acceleration was manipulated. They observed that a minimal increase of angular torque in 

the transverse plane was associated with an increase of up to 50% of maximum 

electromyography (EMG). Lavender et al. (I992) reported an increase in the coactivation 

of eight trunk muscles in response to asymmetrical loading of the trunk. The pattern of 

coactivation was different when the directions of the applied load were anterior and 

exceeded more than 45 degrees from the mid-sagittal plane. 

1.1.3.3 Increased Load on the Motion Segment 

The basic mechanical unit of the spinal column is the motion segment or spinal 

functional unit. A motion segment consists of two adjacent vertebra and their intervening 

disc and ligamentous tissues (Schultz and Miller, 1991). The response of a motion 

segment to different loading situations has been studied theoretically and experimentally 

(panjabi et aI., 1989; Shirazi-Adl, 1994; Shirazi-Adl, 1989; Shirazi-Adl and Drouin 1987; 

Shirazi-Adl et al., 1984). Torsion is mainly resisted by the articular facets and disc annulus 
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fibrosis while the ligament contribution is insignificant (Shirazi-Adl, 1989). A finite 

element model of contact loads on facets of an L2-L3 lumbar segment indicates that 

lifting, twisting, and lateral bending of the trunk significantly increase the forces 

transmitted through the compression facet (Shirazi-Adl et al., 1984). Moreover, twisting 

and lateral bending were shown to increase the wlnerability of the lumbar disc to rupture 

(Shirazi-Adl, 1994~ Shirazi-Adl and Ahmad, 1991, Shirazi-Adl and Drouin, 1987). The 

finite element model of heavy lifting shows that asymmetrical lifting increases the risk of 

structural failure of both the disc annulus and the facet joint as compared to symmetrical 

lifting (Shirazi-Adl, 1994~ Shirazi-Adl, 1984). This result provides some explanation for 

the epidemiological studies that indicate a higher risk of back injury among jobs that 

involve more frequent asymmetrical loading of the trunk (Andersson, 1981; Marras et aI., 

1993; Punnett et aI., 1991; Riihimaki et aI., 1989). 

1.1.3.4 Increased Compression Load on the Disc 

The intervertebral disc is a major load-bearing element of the spine in lateral and 

anterior shear and axial compression forces. Biomechanical models have traditionally been 

utilized to calculate the compression and shear forces on the disc (Nachemson and Morris, 

1964). Theoretically, compression should increase with increased coactivation of the 

muscles. Higher muscle coactivations can occur either as a result of a change in the angle 

of net external moment or with an increase in the magnitude of external load. 

In vitro, Farfan et ai. (1970) showed that the trunk torque and angles required for 

disc failure are easily exceeded in daily tasks involving twisting. For a given flexion angle 

of the trunk, Andersson (1985) reported that trunk rotation along any axis of the trunk 
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increases the disc compression. Other researchers found a direct effect of asymmetrical 

muscle exertion on lumbar discal compression (Granata and Marras, 1993; Mirka 1988). 

McGill and Norman (1993) reported that support of 50 Nm load in extension imposes 

about 800 N of compression on the lumbar. The same load imposes compression of 

2500N in twisting and 1400N in lateral bending of the trunk. The variation in the 

compression load was attributed to a difference in the coactivation of trunk muscles, and 

changes in the moment arms (McGill and Norman, 1993). 

1.1.3.5 Increased Abdominal Pressure 

Intra-abdominal pressure (lAP) is believed to play an important role in spine 

biomechanics and lifting. There are controversial reports concerning the quantitative value 

of intra-abdominal pressure and its role (Gracovetsky et ai. 1985; Marras et ai. 1984; 

Schultz et ai. 1982). Further discussion related to the role of lAP can been seen elsewhere 

(Cresswell et aI., 1994; Cresswell and Thorstenss~>n, 1994; McGill and Norman, 1993; 

Pope et aI., 1991). With respect to asymmetrical lifting, Marras and Mirka (1990) 

reported an increase in abdominal pressure during asymmetrical trunk angular 

acceleration. However, the increase was not statistically significant. 

Many investigators attempted to determine and compare interactions between the 

abdominal musculature and intra-abdominal pressure during different trunk loading 

conditions (Cresswell and Thorstensson, 1994; Gracovetsky et aI., 1985; Marras et aI. 

1984; Schultz et aI., 1982). These studies mainly investigated the role of lAP during 

specific tasks and suggested an association between lAP and the direction and magnitude 

of the load (Cresswell et aI., 1992; Cresswell and Thorstensson, 1994), deceleration and 
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acceleration (Cresswell and Thorstensson, 1994). However, no unifying hypothesis exists 

to explain the role of lAP for a wide variety of movement tasks (McGill and Sharratt, 

1990). 

1.1.3.6 Psychophysical Effects 

Several authors (Drury et aI., 1989; Garg and Badger, 1986; McGill, 1991) studied 

the effect of asymmetrical work on psychophysical factors. The primary comparison 

concerns the maximum acceptable weight during symmetrical vs. asymmetrical lifting 

tasks. Garg and Badger (1986) reported a significant decrease in the maximum acceptable 

weight as the angle of asymmetry increased during a lifting task. They suggested 

correction factors of 12,21, and 31% for the maximum acceptable weight during 30,60, 

and 90% of asymmetric lifting respectively. 

Ferguson et a1. (1992) studied the effect of dynamic asymmetrical tasks on trunk 

motion characteristics. Compared to maximum static strength, a 21 % reduction of 

strength was observed during dynamic asymmetrical lifts. 

1.1.3.7 Physiological Effects 

Asymmetrical manual material handling increases the energy cost and heart rate 

(Garg and Badger, 1986). However, it is not clear if the increased physiological factors 

are statistica]]y significant. Mital and Fard (1986) found no significant effect of 

asymmetrical lifting on the heart rate and oxygen consumption during lifting of the 

maximum acceptable weight. They concluded that the reduction of the maximum 

acceptable weight was such that the levels of physiological response remained unchanged. 
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In summary, the review of the literature indicates that a variety of risk factors have 

been associated with low back pain. These risk factors interact with each other and their 

interaction possibly defines the risk LBP. The interaction of these variables needs to be 

studied in order to better understand of LBP in industry. Asymmetrical activities, i.e., 

asymmetrical exertion and asymmetrical posture, are the most common type of activities in 

industry. These activities have been associated with the risk of low back injury. It is 

important to further investigate the effect of asymmetrical activities and the consequences 

of these activities on spinal forces and the risk oflow back injury. 

1.2 Aim of the Study 

The literature review suggests that the epidemiological data shows an association 

between exposure of twisting and lateral bending of the trunk, and the reported incidence 

of low back pain. However, the exact nature of this relationship is not known. 

Biomechanical models are used to investigate the relationship of these risk factors to 

mechanical load on the spine and occurrence of low back pain. The main purpose of these 

models is to study the effect of external load on the internal structures and to estimate the 

magnitude of the load on these structures. 

Most of our knowledge regarding internal forces during asymmetrical exertion is 

based on studies that investigated internal spinal load during dynamic activities. The 

internal loads were estimated via EMG-driven models of the trunk. High spinal forces 

during dynamic asymmetrical activity shown by these studies is partially due to change of 

posture and thereby changes in muscle alignments, and partially due to the changes in net 
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resultant moments. EMG-driven models are sensitive to the accuracy of the anatomical 

description of muscles, i.e., muscle cross-sectional area, lever arm, and line of action. No 

method is available to correct or predict actual changes in the lever arm and the centroid 

of muscle during dynamic trunk activity. Previous EMG-driven models of the trunk 

assumed constant anatomical values for the trunk muscles during dynamic activity. The 

validity of this assumption is not known. 

The aim of this study is to quantify the activities of ten trunk muscles by using 

surface and wire electromyography during maximal and submaximal isometric exertion 

under symmetrical and asymmetrical trunk exertion. Symmetrical exertion is defined as 

pure planar flexion and extension of the trunk in the sagittal plane. Asymmetrical exertion 

was simulated by combined exertion of the trunk along the sagittal and transverse planes. 

These planes are selected based on their prevalence in industrial tasks and low back 

InJunes. 

Several measures have been taken to reduce the error in force prediction. The 

study is limited to isometric exertion in order to eliminate the error due to changes in the 

muscle-length-tension curve and the geometry of the muscle. A repeated measure design 

is used in this study to eliminate the within-subject error. Submaximal exertion was 

selected based on percent of Maximal Voluntary Exertion (MVE), and muscle parameters 

in the mathematical model are measured from aCT-scan of the subject's trunk. 

1.3 Hypothesis 

The primary hypotheses of this study are: 
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1. The mean of RMS-EMG of the ten selected trunk muscles will change 

significantly with the orientation and magnitude of the net resultant moments 

of the trunk. 

2. The result of the EMG-driven models will be significantly affected by 

assumptions made with respect to the EMG-force relationship of the trunk 

muscles. 

3. The result of the EMG-driven models will be significantly affected by the 

assumptions made with respect to the geometrical description of the trunk 

muscles. 

The rationale for the first hypothesis is based on the anatomical and biomechanical 

observation of the trunk during asymmetrical trunk exertion. The coactivation of the trunk 

muscles produces a net trunk moment along all three axes. In the case of planar flexion, 

the rectus abdominus muscle is considered the primary mover. For extension, the erector 

spinae muscle is considered the primary mover. In both cases, the muscles are aligned 

within the plane of exertion. In axial rotation of the trunk, no single muscle is defined as 

the primary mover. The rotational trunk exertion is the net resultant of the coactivation of 

several muscles. Combined exertion requires some muscles to fulfill more than one 

function, due to the lack of primary trunk muscles for rotation and the limitation of the 

number of trunk muscles. This provides the rationale for the problem of muscle allocation 

during an asymmetrical task. 

The rationale for the second hypothesis is based on the physiological and 

biomechanical properties of the trunk muscles. Both linear (Lippold, 1952; Woods and 
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Bigland-Ritchie, 1983) and non-linear (Komi and Buskirk, 1970, Zuniga and Simons, 

1969; Lawrence and De Luca, 1983) EMG-force relationship has been presented in the 

literature. EMG-driven models have been used to estimate spinal forces. These models 

assume a linear EMG-force relationship, and the relationship is explained by the linear line 

that has zero intercept. Non-zero intercept can be assumed in these models. No study 

investigated the sensitivity of EMG-driven models to different assumptions of the EMG­

force relationship. 

The rationale for the third hypothesis is based on the anatomical and functional 

role of the internal oblique muscle. In EMG-driven models, depending on the role of the 

muscle as defined by the investigator, the internal oblique muscle has been defined to 

produce a flexion or extension moment in sagittal plane. No study investigated the effect 

of the different formulation of internal oblique muscles on results ofEMG-driven model. 

1.4 Research Question 

Two sites of have been suggested in the literature for monitoring the myoelectrical 

activity of the internal oblique muscle (lOB) of trunk, the anterior triangle (Basmajian and 

De Luca, 1985; Floyd and Silver, 1950; Snijders et at., 1995), and the posterior triangle 

(0 'Rahilly, 1986~ Williams et at., 1989). These triangles represent the area where the 

internal oblique is not covered by the external oblique muscle, and surface electrodes can 

be used to investigate the function of this muscle. Placement of electrodes in previous 

studies (Marras and Mirka, 1990; Marras and Mirka, 1992) at the posterior triangle area 

suggests that the lOB muscle acts as trunk extensor. This is contrary to the previous 

studies (Basmajian and De Luca, 1985; Floyd and Silver, 1950; Snijders et al., 1995) that 
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monitored myoelectrical activity of the lOB muscle at the anterior triangle and found that 

this muscle acts as trunk flexor. To answer the research question, this study will 

investigate the functional behavior of the internal oblique muscles during pure and 

combined trunk exertion, using wire electrodes. 

1.5 Outline of the Study 

This thesis is presented as the form of four manuscripts. Chapter II investigates 

the EMG activity of 10 trunk muscles during pure and combined trunk exertion. The aim 

of this section is to test the first hypothesis of this study. Chapter III the describes 

formulation of an EMG-driven model of the trunk for prediction of spinal force. Chapter 

IV investigates the effect of anatomical geometry of trunk muscles on the results of an 

EMG-driven model. The objective of Chapter IV is to test the third hypothesis. Chapter 

V contains a summary of the studies and recommendations for future research. Chapters 

II-IV includes similar description of testing procedures. The information is repeated in 

order to keep the chapters individually independent. 
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Chapter II 

Combined Sagittal and Transverse Isometric Exertion During 
Upright Standing Trunk Performance 

2. 1 Review of the Literature 

The understanding of the etiology and methods for prevention of low back pain 

have been a global concern shared by researchers and professionals of many disciplines for 

the last few decades (Ayoub and Mitat, 1989). The main reason for this concern is the 

extensive human suffering and economical cost caused by low back pain (LBP). 

Despite numerous epidemiological and biomechanical studies, the exact etiology of 

low back pain remains unclear. It seems, however, that there is a general consensus on 

possible injury mechanisms leading to low back pain. This is based on a statistical or 

experimental association between specific risk factors and the occurrence of low back pain 

(Hagberg et aI., 1995) and are not necessarily the direct causes ofLBP . 

. Epidemiological and biomechanical research has shown the relationship between 

activities that cause large mechanical loads on the low back, risk of injury, and low back 

pain (Andersson 1985; Keyserling et at.; 1988, Van Dieen, 1993). Controversy exits as to 

which tissue is involved and which property of the tissue is the cause offailure. Practically 

every structure has been at one time postulated to be the locus of the LBP (Van Dieen, 
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1993). Based on a biomechanical understanding of the movement and complexity of the 

interaction between involved structures, it is very likely that damage to any structure will 

lead to an alteration of the movement pattern and overloading of secondary structures 

(panjabi et aI., 1989). 

One of the main challenges for biomechanical studies of LBP is to investigate the 

mechanisms and conditions where mechanical load can become a risk factor and estimate 

the associated risk. Generally, the testing conditions and variables used in these 

investigations are based on epidemiological data. A review of the literature (see Chapter I) 

suggests that a combination of heavy external load and asymmetrical loading of trunk (i.e., 

bending and/or twisting) may cause a high internal load on the spinal structure and may 

increase the risk oflow back injury and pain. 

Since no direct noninvasive method of measurement of internal load of each 

structure is available for in vivo study, indirect measurement techniques are often used. 

Among indirect measurement techniques, electromyography (EMG) provides 

comprehensive information with respect to internal load. EMG is thought to have a 

proportional relation to the force produced by the muscle. However, the nature of the 

EMG to force relationship is not clearly known. 

With respect to testing conditions used to study asymmetrical load conditions, 

EMG studies of trunk muscles can be divided in two main categories: static and dynamic. 

Typical dynamic testing conditions consist of the investigation of the EMG activity of 

trunk muscles during dynamic movement of the trunk along a single trunk axis, where the 
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resistance, the velocity, or the acceleration were being manipulated. Marras and Mirka 

(1990) describe the behavior of 10 trunk muscles in response to changes in trunk velocity 

and trunk acceleration. They reported a significant coactivation among trunk muscles, and 

the coactivation was different depending on whether trunk velocity or acceleration was 

manipulated. McGill (1992) demonstrated that change in lumbar lordotic posture (i.e., 

hyperlordotic or hypolordoctic posture) reduces the dynamic trunk twisting torque. 

Independent of lordotic posture, dynamic torque was shown to be a function of the 

direction of torque exertion. 

Dynamic studies represent a more realistic testing condition than static testing. 

Dynamic studies allow both realistic human performance and mechanicaIloading, with the 

shortcoming that the response of the central nervous system (eNS) to a single variable 

cannot be isolated. In these studies, the response of the eNS is always confounded with 

postural effects~ changes in the geometry of the muscle and the length of the soft tissues. 

Twisting and bending changes the lever arm and the length of the muscle. Tsuang et aI. 

(1993) showed that the centroid of the muscle changes during trunk twisting movement. 

In dynamic biomechanical models, only the EMG length modulation factor of the trunk 

muscles can be accounted. In reality, the EMG to force relationship also exhibits 

dependency on the muscle length and the rate of muscle contraction. In contrast, static 

testing condition, although representing less realistic conditions, can offer a better 

opportunity to study the response of the eNS to isolated variables. 
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With respect to asymmetrical trunk exertion, the studies concentrated on two main 

questions; the effect of asymmetrical exertion within asymmetrical posture (Lavender et 

aI., 1993; Marras and Granta, 1995; Pope et aI., 1987) and the effect of asymmetrical 

exertion within symmetricaI posture (Lad in et aI., 1989, Lavender et aI., 1992). Pope et 

aI. (1987) demonstrated that pre-rotation of the trunk during twisting effort will affect the 

torque production of the trunk. The 'axial rotation torque is less in the direction of twisted 

posture and more in the opposite direction. Similar results were reported by others 

(Lavender et aI., 1993; Marras and Granta, 1995). 

Marras and Granta, (1995) studied trunk twisting during both isometric and 

dynamic exertion. They observed that twisting exertion is highly coupled with sagittal and 

lateral moment. The coupled moments generated were about 20% of MVE in the sagittal 

plane and 75% ofMVE in the lateral plane. Furthermore, they observed less axial rotation 

moment during dynamic exertion compared to isometric rotation moments. 

Lavender et a1. (1993) quantified the activation of eight trunk muscles as subjects 

maintained a twisting posture and resisted external bending moments. The external 

moment of 20 and 40 Nm was directed in a transverse plane and the direction of moment 

was from the anterior to the posterior direction with an increment of 30 degrees. The 

trunk muscles were significantly affected by the interaction of the moment direction and 

moment magnitude. Furthermore, Lavender reported that the region of the loading plane 

in which the trunk muscles are active, the "switching curve" as it was previously defined 

by Ladin et al. (1989), will likely shift during twisting posture of the trunk. 
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Lavender et al. (1992) investigated the affect of asymmetrical exertion on 

symmetrical upright posture. They quantified the activation of trunk muscles while the 

torso was loaded with external moments of 10 to SO Nm from seven directions. They 

reported large changes in muscle recruitment due to asymmetry, but only small changes in 

muscle activity due to increases in the magnitude of moments. 

No study investigated the effect of combined transverse and sagittal exertion. In 

an attempt to better understand the pattern of muscle recruitment under asymmetrical 

loading, the aim of this study is to investigate trunk performance during combined exertion 

without the artifact of posture and changes in geometry of trunk muscle. 

2.2 Hypothesis 

The primary hypothesis of this study is that the mean of the normalized root mean 

square of electromyographical signal (NRMS-EMG) of the ten selected trunk muscles will 

change significantly with the orientation of the net resultant moments (pure and combined 

sagittal and transverse moments) of the trunk. 

The rationale for the hypothesis is based on the anatomical and biomechanical 

observation of the trunk during asymmetrical trunk exertion. Based on the orientation and 

line of action of the muscle, the force generated by a muscle can contribute to the net 

moment of the trunk along the trunk axis. In response to physical demand, the eNS 

utilizes these resources (i.e., the trunk muscles) to exert force along one or more axis. 

However, the strategy for these recruitments is not well understood. 

It is generally believed that muscles will be recruited fully during isometric 
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contraction. Due to the lack of primary muscles for twisting of the trunk and the limitation 

of the number of trunk muscles, one expects that a combined exertion requires some 

muscles to fulfill more than one function. This provides the rationale for the problem of 

muscle allocation during the performance of an asymmetrical task. 

Furthermore, if the trunk is thought of as a purely linear mechanical system, one 

would expect that maximum trunk exertion during combined exertion would be equal to 

the vectorial sum of maximum voluntary exertion during uniplanar trunk exertion. The 

validity of this assumption has been tested in our study by comparing the torque produced 

during combined exertion with a vectorial sum of uniplanar exertion. 

2.3 Method 

Eighteen subjects between the ages of 20-40 years with no history of low back 

pain for the last six months were recruited for the study. The subjects were recruited 

based on advertising in the New York University campus and the Hospital for Joint 

Diseases, New York city. The study was approved by the Internal Review Board of the 

Hospital for Joint Diseases (IRB No. 22-103) and New York University. 

2.3.1 Instrumentation 

A multichannel data acquisition system was developed in-house to simultaneously 

collect EMG signals and mechanical data from the three dimensional dynamometer. The 

system is currently able to collect data from 16 channels of EMG and 16 channels of 

mechanical data through an analog to digital (AID) board (ATMIO-64F National 

Instrument, TX) at a sampling rate of 1000 Hz. The system consists of three parts: a B200 
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Isostation, an EMG system, and a visual feedback system. 

2 • .1.1.1 B-200 lsostation 

The B-200 lsostation (Isotechnologies, Inc., Hillsborough, NC) was used to 

measure the torque generated during maximal and submaximal trunk exertions. The 

device is a triaxial trunk dynamometer that simultaneously measures angular torque and 

about three exertion axes. The system was interfaced with an ffiM-PC 486 computer. 

The validity and reliability of the device, and its efficacy for monitoring isometric trunk 

torques, has been previously reported in the literature (Ross et aI., 1993; Schmitz, 1992; 

Tan et aI., 1993). 

2.3.1.2 EMG System 

The EMG signals were collected by a 16 channel EMG-system (Innovative 

Computer Solutions, Fresh Meadows, NY). The surface electrodes were connected to the 

EMG-system for amplification and filtering (high pass filter at 25 Hz and low pass filter at 

2000 Hz). The EMG-system was interfaced with AID board with 1000 Hz sampling rate. 

2.3.1.3 Feedback System 

The Labview software (Version 3.0, National Instrument, Austin, TX) was used to 

collect data and provide real time visual feedback regarding the torque measured by the 

B-200 Isostation. During each trial, the program displayed a feedback screen which 

consists of a real time display of the subject's generated sagittal and transverse torque and 

± 5% of the expected exertion target (see Figure 2.1). The desired level of exertion for 

each axis was specified before each trial. 
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Figure 2.1. The visual feedback screen provided for the subject during 
each trail. The horizontal axis exhibits right and left rotation transverse 
moment. The vertical axis exhibits flexion and extension moment in the 
sagittal plane. The small black circle represents the real time display of 
torque being exerted. The large gray circle indicates the target area and 
shows ± 5% of target torque. 

2.3.2 Procedure 

All subjects were interviewed and screened for the study. The screening was done 

by means of a questionnaire. Each subject signed the consent form (Appendix E) and filled 

out a habitual physical activity form (Baecke et al. 1982, Appendix B) and a demographic 

and medical questionnaire (Appendix A). The demographic and medical questionnaires 

were reviewed to ensure that the subject satisfied the inclusion criteria and had no history 

of low back pain in the last six months, nor any neurological and physiological conditions 

that would make himlher unsuitable for this study. 
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2 . .3.2.1 Step 1. Wire Electrode Placement 

To insure the safety and accuracy of wire electrode placement, wire electrodes 

were placed using a needle biopsy procedure under CT -scan imageing. Upon the 

completion of the questionnaires, the subject was scheduled for a CT -scan. The trunk scan 

was taken using a Computed Tomographic unit at the Hospital for 10int Diseases 

Orthopaedic Institute (CT 9800 HiLight). Before and during the testing, the subject was 

instructed to relax. but not to move or change posture. The subject was in a supine 

position. The L31L4 level was accurately found from the sagittal plane image. At this 

level, markers were placed on the skin. A CT -Scan was then taken at the L31IA level in 

the transverse plane. Based on marker placements and the location of the right and left 

internal oblique (lOB) muscle, the site of insertion of the wire electrode was selected by a 

board certified radiologist (see Chapter IV for more details). The insertion of wire 

electrode was done under CT -scan into the middle third region of the right and left lOB 

muscle. More detail information for site of wire insertion is presented in Chapter IV. 

2..3.2.2 Step 2. Surface Electrode Placement 

Surface electrodes were used to detect the myoelectric activity of four bilateral 

trunk muscles. The electrodes were bipolar, pre-gelled surface electrodes (Classic 

Medical, Muskego, WI) with an inter-electrode separation of 20 mtn. The electrode 

placement sites were based on anatomical considerations, palpation of muscles during 

contraction, and a review of previous studies (Schmitz, 1992; Tan et al., 1993). The 

following bilateral trunk muscles and sites were used in this study. 
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Two pairs of electrodes were placed bilaterally on the lumbar spine at the L3 level 

to record activity from the medial erector spinae (ES) muscles, as shown in Figure 2.2 

(Gabriel, 1992; Pope et aI., 1987; Ross et aI., 1993). The belly of the muscle was verified 

by palpation of the muscles while the subject was manually resisting trunk in extension in 

slightly forward flexed posture. Two pairs of electrodes were used bilaterally on the lower 

thoracic spine at the TI2-Ll region to monitor the activity of the latissimus dorsi (LAT) 

muscles. The exact location of the electrode placement on the muscle belly was 

determined by palpation during manually resisted extension of the upper arm and shoulder 

in a neutral standing posture with flexed elbow ninety degrees. The TI2-Ll level was 

selected due to practical considerations during the testing and the possible interference of 

the thoracic pad of the B-200 Isostation. 

Four pairs of electrodes were used to record activities from the abdominal muscles 

(Figure 2.3). Two pairs of electrodes were placed bilaterally midway between the iliac 

crest and the lower border of the rib cage, over the external oblique (EOB) muscles. The 

choice of position was based on anatomy and reported sites in the literature (Mayhew et 

al. 1983, Schultz et aI., 1987). The electrodes were oriented in the direction of the 

external oblique muscle fibers (Schultz et aI., 1987). 

Two pairs of electrodes were placed bilaterally over the rectus abdominus (RA) 

muscle. They were placed at the same level as the electrodes for the oblique abdominal 

muscles and about 3 cm lateral to midline (Schultz et aI., 1987). 
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Figure 2.2. Location of electrodes on 

posterior side of the trunk 

Figure 2.3. Location of electrodes on 

Anterior side of the trunk 

2.3.2.3 Step 3. Maximum Voluntary Exertion (MVE) 

The participant was strapped to the B-200 Isostation. The positioning was upright 

standing and the method of constraining the chest, pelvis, and thigh are explained in detail 

in the B-200 User's Manual (Isotechnologies, 1988) and previous studies (Gabriel 1992; 

Ross et at. 1993; Schmitz, 1992; Tan et aI., 1993). The subject performed two trials of 

trunk MVE randomly in four directions: flexion, extension, and right and left axial 

rotation. The sequence of these test was randomized by the computer. During these 

MVEs, the secondary axes were unlocked. The subject was asked to perform at a 

maximum effort for three seconds with no jerky exertion. Two minutes of rest separated 

each test to avoid fatigue. If the MVE of the two trials varied more than 10% , the 
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subject was tested for a third MVE and the two trials with consistent values were selected. 

Based on the average of the two trials ofMVE, the values for 30, 60, and 100% ofMVE 

for each direction of the sagittal and transverse planes were calculated individually. 

2.3.2.4 Step 4. Randomization 

For each test, the computer randomly selected a test from all possible 

combinations ofO, 30, 60, and 100% ofMVE of flexion, extension, and rotation. Figure 

2.4 shows the selected testing conditions. Figure 2.5 present the angle notation used in 

this study for angle of net resultant moments. 

No evidence exist to indicate variation in patterns of muscle recruitment between 

left and right rotation. To reduce the number of testing conditions, the risk offatigue, and 

patient discomfort, only exertion to the right side is considered in this study. No load 

condition, zero condition along each axis, was repeated more than three times. However, 

these tests were part of the randomization process. The zero condition served as a means 

to calculate the baseline EMG for the normalization of the data. 

2.3.2.5 Step 5. Training 

The subjects were trained for the testing protocol. The following information 

was explained to the subject: 

1) During the testing, the subject should look at the monitor (VDT) to evaluate 

hislher performance. The black ball on the screen will show the real time 

feedback of torque with respect to the selected planes, (Figure 2.1). The goal is 
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·1. ofMVE in Sagittal Plane 

~~--+---~---YD---~--~~~~ 

·1.orMVEin 
Transverse 
Plane 

Figure 2.4. Testing conditions used in this experiment. The boxes are 
showing the testing conditions. The value of angle (9) express the net 
resultant moment of the trunk (see figure 2.5 for values of this angle). 

Left Rotation 

Flexion 
0° 

_+-___ .-;;~_--_ _+- 90° Right Rotation 

limo 

Extension 

Figure 2.5. The angle notation (9) used in this study. 
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to generate moments in either of the two planes that move the ball to the 

target. The position of the target is based on the selected exertion level and 

the task demand. 

2) The subject should try to reach the target and stay within the target during the 

testing period for at least 3 seconds continuously. 

3) The subject should try to reach the target as quickly as possible, since the 

maximum data collection time is 10 seconds. However, it is not desirable to 

produce a jerky exertion. The purpose of t~is test is to reach the target as 

smoothly as possible. 

4) The subject was informed that should the task demand be exceeded, the 

following procedure would be implemented. If the subject has exceeded the 

reference torque value, the ball will stop at the extreme comer of the 

over-exerted axis. During all the testing conditions, the lateral plane is 

unlocked. However, to maintain the upright posture, the movement in the 

lateral plane will be monitored. If the subject exceeds ±5 degrees of lateral 

bending, the computer will generate audio feedback and the subject will need 

to correct hislher upright posture. 

5) Training is done for several testing conditions. Whenever the subject feels 

comfortable with the setup and testing procedure, he/she can notify the 

examiner to start the actual testing protocol. 
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2.3.2.6 Step 6. Testing 

Before each test, the feedback screen was displayed on the terminal and the subject 

was asked to practice reaching the target area. Based on this performance, verbal feed 

back was provided. The practice was continued until the subject was comfortable with the 

task and indicated that he/she was ready to start the test. 

Based on the randomization procedure described in step 4, the examiner set the 

exertion level of each axis and the subject was asked to perform the randomized test 

sequence. The examiner set the levels of task demand without notifying the subject. 

Between each testing condition, the subject rested for 2 minutes. 

2.3.3 Data Analysis 

The following steps were taken in data reduction and data processing for statistical 

analysis. 

2.3.3.1 Step 1. Data Reduction 

Each data file contained 10 seconds of data for three axial torques and 10 raw 

EMG channels. Based on Equation (1), a control index (Ie) was calculated for each data 

file. A three second moving average was used to find 3 seconds of the data where the 

subject has lowest index value. The low value of this index represents the high 

controllability and capability of performing close to target torque. 

Where: 

~(-%Tarp .. - -%T'fJ t +( Tlmrarp .. - T1tI1T'fJ t 
~(S1gT'fJr +(T1Ulr'fJ r 
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SagTorque and TranTorque= The performed sagittal (Sag) and transverse (Tran) torque 

Sag Tag and Tran Tag = The sagittal (Sag) and transverse (Tran) target torque 

The data within the selected 3 second window was used for all further data 

analysis and measurement of torque and EMG within each trial. 

2.3.3.2 Step 2. Inception of EMG Signal 

To insure the quality of the EMG signal, the raw EMG signal derived from the 3 

second selected window was displayed on the computer screen. The mean and standard 

deviation of absolute value of the selected window was calculated. The mean ±2.5 

standard deviation was used as the criterion for selecting an abnormal spike, i.e., noise or 

movement artifact. If the spike exceeded this limit, the spike was replaced by the mean of 

that data set. In cases where a continuous series of data points exceeded the limit, the 

complete section of data was eliminated from the data set and the process was repeated to 

find other abnormal spikes. In this case, this procedure resulted in a window of less than 3 

seconds data for further analysis. 

2.3.3.3 Step 3. Normalization of Data 

To normalize the EMG data, the mean of Root Mean Square(RMS) of the EMG 

signal was calculated for a selected 3 second window. Based on previous 

recommendations (Redfern, 1992), the time constant of 50ms was used for RMS 

calculation. 

The normalization procedure in this study was based on studies by Lavender et al., 

(1992); and Seroussi and Pope, (1987), and is as follows: 
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NEMG. = TaskEMGj - RestEMGj 

I Maximum EMGj - Rest EMG; 
(2) 

where NEMGi is the nonnalized EMG of ilb muscle. 

Previous studies (Lavender et at., 1992) used the maximum EMG value that was 

observed during MVE. However, in this study, the highest mean NRMS-EMG values 

among all the trials was used for the nonnalization of each muscle. 

2.3.3.4 Step 3. Statistical Analysis and Hypothesis Testing 

Descriptive statistics (mean and standard deviation) were computed for 

demographic data, maximum isometric torque, and EMG activity of the ten trunk muscles. 

Intra-subject variability is reported to be smaller than inter-subject variability 

(Thorstensson et at., 1985). Therefore, a repeated measures design was used to reduce the 

effect of between-subjects variability. Furthennore, the repeated measures design requires 

fewer subjects to achieve a given statistical power (Zar, 1984). In this study, level of 

statistical significant was chosen at p <0.05. 

For the hypotheses testing, the statistical procedure multivariate analysis 

MANOVA with a repeated measures design (SAS User's Guide, 1985) was used to 

determine the effect of angle (8) and the level of exertion on ten trunk muscles, Figure 2.4. 

If the overall MANOV A was significant at p<0.05, a univariate analysis of variance 

(ANOV A) was perfonned. The Tukey test was perfonned on the levels of angle and level 

of trunk exertion, if the effect of the univariate test was statistically significant. 
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Two way repeated ANOV A design was used to determine the effect level of 

exertion on produced torque during combined exertion. The dependent variable was the 

difference between actual torque produced and target torque as it was defined in Equation 

(1). The dependent variables are the angle of combined exertion (45 and 135 degree) and 

three levels of exertion (30, 60, 100% ofMVE). 

2.4 Results 

2.4.1 Participant Characteristics 

Table 2.1. Demographic data of participants (n=15). 

Male Female Total 
n=10 n=5 n=15 

Age (years) 28.5 (4) 27.2 (8) 29.8 (6.4) 
Weight (Kg) 73.1 (11) 60.0 (4) 69.9 (12.9) 
Hei~ht (cml 171.8 (6l 159.6 Fl 168.2 ~8.7l 

Thirteen males and five females with no hist~ry of back pain for the past 6 months 

volunteered for this study. Data from three male subjects were not included in the study 

due to incompletion of test, (i.e., two subjects were indisposed and could not continue the 

test and, one subject accidently pulled off the wire electrodes). 

Table 2.1 shows the mean and standard deviation for the age, height, and weight of 

Table 2.2. Mean and standard deviation of index of work, sport and 
leisure for all participants (n=15). 

Work 
Sport 
Leisure 

Male 
n=lO 

2.33 (0.57) 
3.41 (1.68) 
3.17 (0.44) 

42 

Female 
n=5 

2.35 (0.41) 
3.66 (0.88) 
3.70 (0.54) 

Total 
n=15 

2.33 (0.50) 
3.49 (1.43) 
3.35 (0.52) 



the male and female participants who were included in the study. The mean age was 28.5 

(4) years for males, 27.2 (8) years for females, and 29.8 (6.4) years for all subjects. 

An index of work, sport, and leisure time was computed from the habitual physical 

activity questionnaires for all subjects. Appendix C demonstrates the method of 

calculating these indices from Baecke et aI. (1982). Table 2.2 shows the mean and 

standard deviation indices for males and females. The scores for index of work, sport, and 

leisure were 2.33 (±O.50), 3.49 (± 1.43), and 3.35 (±O.52) respectively. 

2.4.2 EMG Activity of Trunk Muscles 

A total of 15 randomize trunk extersions were perforemed. The total testing time 

was approximatly 2 hours per subject. The subject was asked to report discomfort if it 

should occure due to surface and wire electrodes. No subject reported discomfort with 

electrodes during testing. 

The details of the descriptive statistics (mean and standard deviation) for 

normalized mean NRMS-EMG of ten trunk muscles are presented in Appendix D (Table 

D.1-D5). 

The result of the repeated MANOVA for the main effects of angle and level of 

exertion and their interaction effect on the mean ofNRMS-EMG of the ten trunk muscles 

are shown in Table 2.3. Based on the Wilks' Lambda, the combined dependent variables 

were significantly affected by both the level of exertion, F(20,222}=25.835, p<O.OOOI, and 

the angle of exertion, F(40,422}=28.393, p<O.OOOI, and their interaction effect, 
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Table 2.3. Multivariate analysis of variance (MANOVA) for the main effect of 
exertion and posture on mean NRMS-EMG often trunk muscles during upright 
isometric trunk exertion. 

Exertion 
Angle 
Exertion * Angle 

F 
25.8354 
28.3936 

2.65 

p 

0.0001 
0.0001 
0.0001 

F(80,712)=265, p<O.OOOl. 

The repeated ANOVA was performed to investigate the effect of three levels of 

exertion (30, 60, and 100% of MVE) and five angles of exertion ( 0°, 45°, 90°, 135° , 

180°) on ten trunk muscles. Table 2.4 shows the summary of the results of the ANOVA 

procedure. The details of the ANOV A statistics and outcome values are shown in Table 

2.4. 

The results of ANOV A demonstrate that the trunk muscles are significantly 

affected by the magnitude of exertion (p <0.001), angle of exertion (p <0.001), and their 

interaction (p<O.OOI). Figures 2.6-2.10 graphically shows the effect by plotting the mean 

NRMS-EMG of the muscle for each level of exertion. To simplify the angle notation, 

Figure 2.5 shows the angles with respect to the sagittal and transverse planes that are used 

in this experiment. 

All muscles showed a higher level of activity during 100% MVE followed by 60 

and 30% MVE. The result of the post-hoc Tukey test showed that all three levels of 
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exertion are significantly different from each other. Table 2.5 contains a summary of the 

main effect of the exertion tor all trunk muscles. 

Figures 2-6 to 2-8 show that all the abdominal muscles, right RA, lOB, and EOB 

demonstrated higher activity during pure and combined flexion (-45· , ft, 45J, compared 

to pure and combined extension (1350
, 180·, 2250

). 

The left EOB and right lOB had a similar pattern of activity. Both muscles had 

their highest activity during combined flexion and right rotation (45j. This activity was 

significantly (p<O.OOOI) different than pure exertion (0°, 90°) (see Figures 2-6, (bottom) 

and 2-7 (top), and Table 2.6). 

The right EOB and left lOB had similar pattern activation and this pattern was the 

opposite of their bilateral muscles. The highest activity of these muscles were in combined 

left rotation and flexion (_45°), followed by pure flexion (0°), and combined right rotation 

and flexion (45°). There were no significant differences between pure flexion (OJ and 

flexion and right rotation (45°), Table 2.6. 

The left RA showed maximum activity in pure flexion (0°), while the right RA showed 

higher activity in combined left rotation and flexion (_45°). The difference was not 

significant. 

Both right and left ES showed the highest activity during combined extension and 

right rotation (135°), followed by pure extension (180j, and rotation (90j. The results of 

the The Tukey test suggests that the differences between pure extension and combined 

extension and right rotation were not statistically significant (Table 2.6). 
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Table 2.4. The outcome of univariate statistical test (ANOVA) often 
trunk muscles for the main effect of angle (5 levels), exertion (3 
levels),and their interaction effect. 

RightEOB 

LeftEOB 

Right lOB 

Left lOB 

RightRA 

LeftRA 

Right ES 

Left ES 

RightLAT 

LeftLAT 

Exertion 
171 

(0.0001) 

209 
(0.0001) 

146 
(0.0001) 

110 
(0.0001) 

125 
(0.0001) 

246 
(0.0001) 

79 
(0.0001) 

148 
(0.0001) 

181 
(0.0001) 

67 
(0.0001) 

Independent Variables 
Angle of moment Exertion * Angle 

46 

79 4 
(0.0001) 0.0002 

101 
(0.0001) 

48 
(0.0001) 

23 
(0.0001) 

156 
(0.0001 ) 

325 
(0.0001) 

139 
(0.0001) 

274 
(0.0001) 

60 
(0.0001) 

23 
(0.0001) 

5 
0.0001 

2 
0.03 

3 
0.012 

13 
0.0001 

21 
0.0001 

3 
0.011 

5 
0.001 

4 
0.004 

3 
0.01 



Table 2.5 The P values of Tukey multiple comparison tests for main effect of trunk 
exertion pO, 60, %100 MVEl on NRMS-EMG of5 bilateral trunk muscles. 

Left Ris!!t 
30-60 60-100 30-100 30-60 60-100 30-100 

External Oblique 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Internal Oblique 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Rectus Abdorninus 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Erector Spinae 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Latissmus Dorsi 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

Table 2.6. The P values of Tukey multiple comparison tests for main effect of the angle 
(0° to 180°) of net resultant moments on the means ofNRMS-EMG activity of right and 
left EOB, lOB and RA musc1es. 

EOB lOB RA 
Left Risht Left Risht Left Risht 

0-45 0.0001 N.S. N.S. 0.0166 N.S. N.S. 
0-90 0.0001 0.0001 0.0001 N.S. 0.0001 0.0001 
0-135 0.0001 0.0001 0.0001 N.S. 0.0001 0.0001 
0-180 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

45 - 90 0.0001 0.0001 0.0006 0.0207 0.0001 0.0001 
45- 135 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
45-180 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

90-135 N.S. N.S. 0.0055 0.0457 0.0322 N.S. 
90-180 0.0001 0.0001 0.0035 0.0001 0.0001 0.0001 

135-180 0.0001 0.000 N.S. 0.0001 0.0155 0.0054 
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Table 2.7. The P values of Tukey multiple comparison tests for main effect of the angle 
(0° to 180°) of net resultant moments on the means ofNRMS-EMG activity of right and 
left ES and LAT muscles. 

ES LAT 
Left Ri~ht Left Right 

0-45 N.S. 0.0001 0.0071 0.0001 
0-90 0.0001 0.0001 0.0001 0.0001 
0-135 0.0001 0.0001 0.0034 0.0001 
0-180 0.0001 0.0001 0.0001 0.0001 

45 -90 0.0001 0.0001 N.S. N.S. 
45-135 0.0001 0.0001 0.0001 N.S. 
45-180 0.0001 0.0001 0.0001 0.0001 

90-135 0.0001 0.0001 0.0001 N.S. 
90-180 0:0001 0.0001 0.0001 0.0001 

135-180 N.S. N.S. N.S. 0.0001 
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Figure 2.6. Mean NRMS-EMG of right (top) and left (bottom) external 
oblique muscle for different magnitude and angle of exertion. 
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Figure 2.7. Mean NRMS-EMG of right (top) and left (bottom) internal 
oblique muscle for different magnitude and angle of exertion. 
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Figure 2.8. Mean NRMS-EMG of right (top) and left (bottom) rectus 
abdominis muscle for different magnitude and angle of exertion. 
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Figure 2.9. Mean NRMS-EMG of right (top) and left (bottom) erector 
spinae muscle for different magnitude and angle of exertion. 
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Figure 2.10. Mean NRMS-EMG of right (top) and left (bottom) 
latissimus dorsi muscle for different magnitude and angle of exertion 
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The right LAT muscle had the highest activity during combined right rotation and 

extension (135"), followed by pure right rotation (90"), and combined right rotation and 

flexion (45-). These three angles of exertion were not significantly different from each 

other, however they were all significantly different than the pure extension (180,,), (Table 

2.7). The left LAT muscle had the highest activity during combined left rotation and 

extension (225,,), followed by the left rotation and flexion (-45-), (Appendix D , Table 

2.5). 

2.4.3 Torque Exertion 

The mean and standard deviation (n=15) of the torques produced with respect to 

each plane of exertion is presented in Table 2.8. The mean of flexion torques produced 

during the 100% exertion was 120.0 (±37) Nm for pure flexion, 121.6 (±43) Nm for pure 

extension, and 53.7 (±19) Nm for pure axial rotation. 

Table 2.8. The means and standard deviations of measured sagittal and transverse trunk 
moments (Nm) for three levels of exertion (30%, 60%, and 100% MVE) and different 
angle of net resultant moments during testing conditions (00 to 1800

) and for the MVE 
trails (-45 and 225), (n=15). 

30%MVE 60%MVE l00%MVE 

Sa~tta1 Transverse Sasittal Transverse Sa~tta1 Transverse 
-45 105.6 (35) -43.5 (16) 
0 37.9 (12) 0.7 (1) 76.4 (24) 0.7 (1) 120.0 (37) 0.3 (3) 

45 37.8 (12) 18.0 (7) 0.1 (1) 33.1 (12) 105.4 (33) 42.5 (15) 
90 -0.1 (1) 17.9 (7) -73.7 (26) 35.3 (13) 0.5 (2) 53.7 (19) 
135 -37.2 (13) 17.8 (7) -73.6 (26) 34.2 (15) -110.0 (38) 45.9 (16) 
180 -39.0 (13) 0.6 (1) -73.8 (25) 1.7 (1) -121.6 (43) 2.6 (4) 
225 -97.0 (36) -38.7 (17) 
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In order to evaluate the subject's performance with respect to the target torque, the 

control index based on Equation (2) was calculated. Table 2.9 presents the calculated 

value of this index for pure and combined testing conditions. The high value of this index 

represents a large distance between the actual exerted torque and the expected target 

torque. Table 2.11 illustrates that the subjects performed much less than the expected 

torques during all the combined tasks that required 100% of exertion. 

The result of the statistical analysis reveals that the value of the control index was 

significantly (p< 0.0001) affected by the level of exertion (Table 2.10). The result of the 

Tukey test (Table 2.11) suggest that the value of this index during 100% exertion was 

significantly different than for 30 and 60 % exertion. 

Table 2.9. The means and standard deviations of the control index (Equation (2» for 
three levels of exertion (30%, 60%, and 100% MVE)and five angle (0° to 180°) of 
net resultant moments during testing, (n=15) .. 

30 % MVE 60 % MVE 100 % MVE 

0 l.25 (l.16) 6.72 (16.12) 8.75 (5.60) 
45 0.98 (0.54) 4.10 (2.55) 28.53 (17.69) 
90 0.68 (0.41) l.69 (1.21) 7.41 (7.94) 
135 l.13 (0.56) 3.09 (1.48) 22.33 (23.31) 
180 1.14 (0.80) 2.65 (2.42) 5.62 (4.39l 

Table 2.10. The outcome of univariate statistical test (ANOV A) of net 
resultant force for main effect of angle (5 levels), level of exertion (3 levels), 
and their interaction effect. 

Mean F P 
Sguare 

Exertion 5387.67 45.50 0.0001 
Angle 124.50 1.05 0.3087 
Exertion X Angle 85.78 0.72 0.4881 
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Table 2.11. P value of Tukey multiple comparison tests on mean of level 
of exertion 

~~--------------------------
60 
100 

2.5 Discussion 

30%MVE 

0.3686 
0.0001 

60%MVE 

0.0001 

A total of 15 subjects, 10 males and 5 females, with no history of back pain for the 

last six months participated in this study. The subjects had a mean age of 29.8 (±6.4) 

years. The mean MVE was 120 (±37) Nm for flexion, 121.6 (±43) Nm for extension, and 

53.7 (±19) Nm for right rotation. The results of habitual physical activity questionnaire 

show that subject physical activities are within the range reported by Baecke et al.,(1985). 

2.5.1 EMG Activity of Trunk Muscles 

With respect to the primary hypothesis, the statistical analysis suggested that the 

mean ofNRMS-EMG of the ten selected trunk muscles were significantly affected by the 

magnitude and orientation of the net resultant moment of the trunk. The significant 

interaction effect suggests that these factors have a combined effect on NRMS-EMG of 

trunk muscles, rather the individual factors affecting the activity muscle independently. 

No other study similar to this study that has evaluated pure vs combined effect of 

trunk muscle exertions. However, results of other studies in this area support our 

findings. Several studies investigated the effect of upright twisting postures on maximum 

torsional exertion. These studies demonstrated that the maximum isometric torsion 

moment is a function of the twisting angle (Marras and Granata, 1995) and the direction 
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of exertion. Furthermore, they reported a higher coactivation for all the trunk muscles 

during the twisting posture. The higher EMG activity of the trunk muscles was attributed 

to the changes in the length-tension curve of these muscles and the stability required 

during rotation (Marras and Granata, 1995; Pope et aI., 1987). 

Vink et aI. (1992) collected EMG activity of the erector spinae and maximum 

isometric trunk extension torques during twenty three asymmetrical and symmetrical 

postures with a trunk flexion of 300 or 600 with respect to each axis. For asymmetrical 

exertion, they reported 30% reduction of force with respect to symmetric upright 

standing, and up to 40% with respect to symmetrical flexed posture. EMG activity of the 

RA muscle was higher during trunk rotation. The highest EMG activity of trunk muscles 

was reported during combined trunk flexion and rotation. 

Only Lavender and his colleagues (1992) investigated the effect of asymmetrical 

exertion on symmetrical upright posture. Their study was similar to the present study with 

respect to quantifying the activity of trunk musculature as a function of the direction and 

magnitude of an external net resultant moment. However, Lavender et a1. (1992) defined 

the net resultant moment as a combination of lateral and sagittal exertion; where as in our 

study, it is defined as a combination of sagittal and transverse exertion. Furthermore, the 

net resultant force in their study was 10 to 50 Nm with increments of 10 Nm (Lavender et 

aI., 1992), and 20 and 40 Nm in another study (Lavender et aI., 1993). In the present 

study, the magnitude of torque is defined as combination of 30%, 60%, and 100% MVE 

along each axis. Hence, the larger range of generated torques strengthens the 
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generalizability of our findings. 

In Lavender's (1992) study, the direction of net moment was changed from pure 

flexion to pure extension with 15 or 30 degree increments. Except for the left LAT 

muscle, all the trunk muscles were significantly affected by the interaction of the 

magnitude and angle of the net resultant forces. 

In the present study, we attempted to decouple the EMG activity of the trunk 

muscle with respect to the activity required to generate moments along the sagittal and 

transverse axis. The rationale behind this approach is based on the anatomical and 

biomechanical observation of the trunk muscles during asymmetrical trunk exertion. The 

coactivation of the trunk muscles produces a net trunk moment along all three axes. In the 

case of planar flexion and extension, the RA muscles and ES muscles respectively are 

considered as primary movers. In both cases, these muscles are aligned within the plane of 

sagittal exertion. However, axial rotation is achieved by the net resultant of the 

coactivation of all trunk muscles and no single muscle is defined as the primary mover. 

The lack of primary muscles for axial rotation and the limitation of the number of trunk 

muscles raises questions concerning the allocation of muscles during combined exertion. 

One would expect that EMG activity of each trunk muscle during combined exertion 

should be equal to the sum of the EMG activity of that muscle during planar exertion. 

Among anterior muscles, the mean ofNRMS-EMG of the right lOB and left EOB 

muscles were significantly affected by the level and orientation of the net resultant moment 
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and their interaction (Table 2.4). Independent of the level of exertion, Figures 2.6 

(bottom) and 2.7 (top) and the results of the Tukey test (Table 2.6) show significantly 

higher levels of EMG activity for these muscles during combined exertion compared to 

pure flexion or pure right rotation. Table 2.6 shows that EMG activity of these muscles 

during combined exertion is less than the sum of NRMS-EMG of muscles during pure 

exertion along each axis. For example, during 100% MVE, mean the NRMS-EMG 

activity of the right lOB muscle was 62.47 (±22) during pure flexion, 74.29 (±26) during 

pure rotation, and 80.63 (±19) during combined exertion. 

The mean of NRMS-EMG of the right lOB and left EOB muscles during 

combined extension and right rotation was significantly lower than during axial rotation 

and significantly higher than during pure extension. This study, as well other studies 

(Lavender et aI., 1992; Lavender et aI., 1993), assumed that the trunk performance is 

symmetrical for right and left rotation. Therefore, the left exertion was not examined in 

detail in this study and it was not included in the statistical analysis. However, Figures 2.6 

(top) and 2.7 (bottom) illustrate that the left lOB and right EOB muscles have similar 

patterns as the right lOB and left EOB muscles in left rotation. 

The right LAT muscle showed higher activity during combined right rotation and 

extension compared to pure extension along each axis individually (Figure 2.10). Similar 

to the pattern of the lOB and EOB muscles, the EMG of the activity muscles during 100% 

combined exertion was less than sum of the EMG activity of muscle during pure exertion. 

The highest muscle activity occurred during 100% extension an~ right rotation, followed 
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by 100% pure rotation and rotation and flexion. 

The RA and ES muscles are the primary movers in trunk flexion and extension. 

They are oriented along the sagittal plane and make a minimal contribution to the axial 

rotation torque. The left RA muscle showed the highest level of EMG activity during 

combined exertion; however, the activity level was not significantly different from pure 

flexion exertion. The right and left ES muscles had similar patterns of activity during 

combined extension and rotation compared to pure extension exertion. 

In summary, all the trunk muscles showed higher activity during combined 

exertion. Although the amplitude of EMG activity was different, the pattern of muscle 

activity for the three levels of exertion was very similar. Compared to the ES and RA 

muscles, muscles that are oriented in an oblique direction (i.e., lOB, EOB, LAT), are 

taxed more during combined trunk exertion. Due to the long lever arm of these muscles, 

the higher activity of these muscles produce higher compression and shear forces on the 

spine and soft tissues, which lead to increased risk of low back injury. These results 

confirm epidemiological findings and suggest that the combination of high load and 

asymmetrical exertion is a risk factor for injury to the lumbar spine. 

2.5.2 Moment Generated During Combined Exertion 

Previous studies demonstrated a decrease in maximum back strength and 

maximum acceptable weight during asymmetrical lifting (Chapter I for more detail), (Vink 

et al., 1992). Garg and Badger (1986) reported a 7-22% decrease in the maximum 

acceptable weight as the angle of asymmetry increased during a lifting task. Vink et aI. 

57 



(1992) reported a 30% reduction of trunk extension MVE during an upright twisting 

posture compared to symmetrical exertion. 

Other studies demonstrated the trunk limitation in producing torsional MVE 

(Marras and Granta, 1995; McGill and Hoodles, 1990; Pope et at., 1987) or extension 

MVE (Kumar and Garang 1992; Vink et at., 1992) as a function of trunk upright twisting 

posture. These studies suggested that the reduction of MVE during asymmetrical exertion 

is due mainly to changes in muscle parameters, i.e., changes in the lever arm and centroid 

of the muscle. The present study is the only study that investigated the trunk muscles 

limitation in pure and combined sagittal and transverse exertion without the artifact of 

postural changes. 

Independent of changes in muscle parameters, the trunk muscles are limited in 

performing asymmetrical exertion. Compared to pure sagittal exertion, the sagittal 

combined torque was reduced by 12% in flexion and by 10% in extension (Table 2.9). 

Compared to pure transverse exertion, the combined torsional torque was reduced by 15% 

in combined flexion torque and 20% in combined extension torque (Table 2.9). 

Furthermore, Table 2.9 shows similarity between right and left trunk performance with 

respect to the maximum sagittal and transverse torque exertion during a combined task. 

The torque generated during MVE is thought to be an indication of the maximal 

capacity of an individual for handling an external load. If the trunk is thought of as a linear 

mechanical system, then a combined exertion would be the vectorial sum of the maximum 

exertions in the pure planes. The significant difference between the actual the exerted 
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moment and the expected torque suggests that the vectorial sum of the planar exertion 

significantly overestimates the trunk performance during the combined exertion. Figure 

2.11 demonstrates the capability of the subjects in performing combined trunk exertion. 

The figure presents actual torque performed by the subjects during pure and combined 

100% MVE. The torque values are normalized to pure planar exertion. Figure 2.11 

shows that subjects are not capable of producing 100% combined MVE exertions. 

Furthermore, compared to planar exertion, there is high variability among the subjects in 

performing the combined task. 
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Figure 2.11: The sagittal and transverse torques produced by 15 subjects during 
100% pure and combined exertion. The subject data is normalized to 100% of 
MVE. 
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It is generally believed that coupled trunk exertion (asymmetric push, pull, and 

lifting) is hazardous to the musculoskeletal system. In light of the results of this study, all 

trunk muscles were significantly affected by the level and angle of exertion. A higher level 

of coactivity leads to a higher internal loading of the spine, in addition to larger strain and 

stress in the annulus fibers and facet joints, and hence to a higher risk of injury. 

2.5.3 Implication of Study 

Measurement of trunk strength is frequently used in clinical evaluation of the LBP 

patients, as replacement test for certain jobs, and research studies. Maximum voluntary 

exertion is the manifestation of the capability of voluntary recruiting the maximum 

resources available to the neuromuscular system. Therefore, the maximum moment 

exerted on external devices, i.e., dynamometers and EMG signal collected from a muscle 

during MVE, can serve as a standard unit to gauge other trunk performances. For 

instance, the moment and EMG signal measured under MVE is used as a means to 

evaluate the overall effects of any clinical or experimental intervention (Le., exercise 

training, fatigue, immobilization). 

The implicit rationale for using the MVE as a unit of measurement is the reliability 

and validity of MVE in recruiting the maximum resources of the neuromuscular system 

(Enoka and Fuglevand, 1993). This reliability and validity should be reviewed carefully in 

light of our knowledge of human performance and motor control. 

The MVE can be influenced by several physiological and biomechanical factors 

(Enoka and Fuglevand 1993). For instance, the MVE depends on joint angle, direction of 
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testing, model of testing, and individual motivation. This suggests that the reliability and 

validity ofMVE affect by the testing protocol. The standardization of testing protocol will 

limit the influence of some of these variables and minimize the strategies that the 

neuromuscular system uses to execute the task. 

The results of this study raise some concern with respect to the measurement of 

mechanical and EMG data during MVE. Commonly, the protocols for measuring trunk 

strength consist of quantification of trunk maximum voluntary exertions and planar 

exertion along each trunk axis. The torque generated during MVE is thought to be an 

indication of the maximal capability of an individual for handling an external load (Ayoub 

and Mital, 1989). It is questionable how the information derived from pure plane 

exertions can be used to predict the capabilities of an individual in situations that involve 

combined exertions. The results of the present study indicate that it is incorrect to predict 

an individual's ability to perform high-level combined exertion based on planar trunk 

exertion performance. An estimation of individual performance based on a vectorial sum 

of planar exertion will significantly over-estimate the capability of performing combined 

trunk exertion. Industrial jobs often require individuals to have high capability and 

controllability during asymmetric lifts, i.e., lifting heavy objects and placing them at special 

area on shelf In the ergonomic design of these jobs, the results of this study suggests that 

both capability and controllability of the subjects should be considered. Furthermore, 

higher subject variability can be seen in performing asymmetrical tasks. 

To enhance the biomechanical interpretation, the EMG signal of a muscle is often 
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nonnalized to the range of the highest and lowest activity of the muscles observed in the . 

experiment. Generally, the highest activity of a muscle is taken from the isometric exertion 

along each axis of the trunk. The statistical analysis reveals that the NRMS-EMG activity 

of the LAT, lOB, and EOB muscles is significantly higher during the combined than the 

pure exertion. This implies that the activity of each measured muscle during combined 

exertion is a better estimate of the maximal activity of the muscle. Therefore, combined 

exertion value should be used for the nonnalization of the muscle. 
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Chapter III 

EMG-Driven Model of Trunk 

3.1. Review of the Literature 

Epidemiological data suggests a relation between exposure to heavy load and the 

incidence of low back disorder. However, the exact nature of this relationship is not 

known. Several methods have been suggested by biomechanicians and ergonomists to 

identify the risk of low back injury based on information gathered from tasks and 

individual methods of performance. The identification of a hazardous task can be based 

on a simple ergonomic checklist (Halpern, 1992, Mital, 1996) or on advanced three­

dimensional biomechanical models. The criteria for the selection of methods and tools 

used for identifying hazardous tasks is mainly dependent on the accuracy and reliability 

required to estimate the risk of injury. 

Ergonomic checklists (Mital, 1996) inspect the existence of risk factors by 

applying general biomechanical and ergonomica] concepts. The content and underlying 

theoretical framework is usually derived from expert opinion. Therefore, a ergonomic 

checklist can provide a simple but less accurate estimation of job or task effort and the risk 

of injury. 

Biomechanical models provide a more accurate estimation of load exposure and 
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thereby risk of injury by estimating the net internal forces. Various static (Chaffin, 1969; 

Chaffin and Erig, 1991; Hans et aI., 1991; Ladin et aI., 1991; McGill, 1991; Schultz et aI., 

1987) and dynamic (Freivalds et al., 1984; Marras and Granata, 1995; Marras and 

Sommerich, 1991) models are proposed to predict the net force on the spine. The 

rationale for the selection of an adequate biomechanical model depends on the complexity 

of the task, the reliability and validity required for output information, the simplicity and 

reliability of gathering input information, the sensitivity of the model to input information, 

and the acceptability of the assumptions made by the model. 

The two-dimensional static models are based on equivalent muscles so that the 

unknown muscle forces will be equal to the number of equations available that satisfy the 

equilibrium conditions. These models calculate the compressive and shear forces on the 

spine, mainly at the L3-L4level (Chaffin, 1969; Chaffin and Erig; 1991). These models do 

not consider individual muscle forces in the prediction of the load on the spinal structure. 

Therefore, they are not adequate for estimating the internal load of the trunk during 

asymmetrical exertion where the internal force increases due to high coactivation of 

muscles while the external load is fixed. These models offer a less complex calculation of 

the estimating load distribution on the spine structure. However, the reliability of 

estimated force decreases as the coactivation of trunk muscles increases during task 

performance. 

The expansion of the two-dimensional models leads to indeterminate models and 

redundant systems. For these models, a solution is obtained by defining system constraints 
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and formulating an objective function that can be utilized by the optimization technique. 

For formulation of the system equation for the trunk, the external moment of the system 

needs to be balanced by the internal moments. The internal moments are based on the 

description of muscle forces and their moment arms. For the optimization model, the 

constraints of the system are based on the maximum muscle exertion and the 

biomechanical threshold of the soft tissues. The objective function should be derived 

based on the biomechanical principles and neuromuscular criteria of the human 

performance. However, these criteria are poorly known. Most of the proposed objective 

functions are based on minimizing the compression and shear forces, muscle stresses, or 

by some combination of these parameters (Brand et aI., 1986; Crowninshield and Brand, 

1981; Genaidy and Houshyar, 1989; Han et aI., 1991; Parnianpour, 1991; Schultz et aI., 

1983). Depending on the objective function, the estimated spinal forces can vary 

significantly. The reliability of these models depends solely on the reliability of the 

objective function and the anatomical information used in the model. 

An EMG-driven model estimates the compressive and shear forces on the spine by 

calculating the resultant forces of all the trunk muscles. The individual muscle forces are 

estimated from EMG activity. These models are found to be less adequate for predicting 

axial rotation (Marras and Granata, 1995; McGill, 1991), but they produce reasonable 

results for tasks within the sagittal plane (McGill and Norman, 1987). 

The reliability of estimated force and moments of the trunk by EMG-driven models 

is dependent upon the reliability and accuracy of the anatomical parameters of the trunk 
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muscles (cross-sectional area, lever arm, and line of action), EMG signals, and the 

assumptions made with respect to the EMG-force relationship. 

A majority of the previous models assumed a linear EMG-force relationship in the 

formulation of these models. Both evidence of linear (Lippold, 1952; Woods and Bigland­

Ritchie, 1983) and nonlinear (Komi and Buskirk, 1970, Zuniga and Simons, 1969; 

Lawrence and De Luca, 1983) EMG-relationships exist in the literature. Furthermore, 

they assume that the linear relationship is similar for all trunk muscles. The purpose of this 

study is to: a) present a general EMG-driven model where the individual EMG-force 

relation can be predicted for each muscle, b) compare the results of the EMG-driven 

models for three selected assumptions with respect to the EMG-force relationship, and c) 

test for the hypothesis that the results ofEMG-driven models will be affected significantly 

by the assumptions made with respect to the EMG-force relationship of the trunk muscles. 

3.2. Method 

Four male and two female subjects between the ages of 20-40 years with no 

history of low back pain for the last six months volunteered to participate in this study. 

All subjects were screened for neurological or physiological conditions that would make 

them unsuitable for this study. Screening was done using a questionnaire and interview. 

3.2.1. Instruments 

A multichannel data acquisition system was developed in-house to simultaneously 

collect 16 channel EMG signals and 16 channel mechanical data from B200 Isostation 

(Isotechnologies Inc., Hillsborough, NC). The Labview software (National Instrument, 
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Austin, TX) was used to collect data from data acquisition system via AID board 

(ATMIO-64F, National Instrument, TX) at a sampling rate of 1000 Hz. The software was 

programmed to provide real-time visual feedback regarding the trunk torques measured by 

the B200 Isostation. More details and technical information regarding the instruments and 

experimental setup are provided in Chapters II and IV. 

3.2.2. EMG Electrodes 

Both surface and wire electrodes were used to detect myoelectric activity of the 

trunk muscles. The surface electrodes were bipolar, pre-gelled electrodes (Classic 

Medical, Muskego, WI). The bipolar wire electrodes were made in-house based on 

methods described by Basmajian and De Luca (1985). For the best mechanical strength 

and stiffness, a wire with 10% Iridium- 90% platinum alloy (Medwire, Mount Vernon, 

NY) was used. The wire was Teflon coated with a full coated diameter of 0.0014 inches. 

To make the wire electrode, the 25 cm Teflon coat~d wire was looped and passed through 

cannula of 26 G X 3.5" hypodermic spinal tape needle (Baxter Health Care Co., Edison, 

NJ). Then the loop was cut into two pieces of wire. About 2 mm of each wire at the 

distal end of the needle was exposed to flame in order to bum the Teflon isolation. The 

electrodes were sterilized in the Hospital for Joint Diseases before use. 

3.2.3. Procedure 

All subjects were asked to fiU out the activity questionnaire (Baecke et at, 1982), 

demographic and medical questionnaire (see Appendices A and B), and sign the consent 

form (see Appendix E). The demographic and medical questionnaires were reviewed to 

ensure that the subject satisfied the inclusion criteria. The subject was asked to wear 
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comfortable sport wear and shoes during testing. 

Step 1. Electrode placement 

Both wire and surface electrodes were used to collect EMG signals from five 

bilateral trunk muscles. Wire electrode was used for the right and left internal oblique 

(lOB) muscles and surface electrode was used for external oblique (EOB), erector spinae 

(ES), rectus abdominis (RA),and latissimus dorsi (LAT) left and right muscles. In Chapter 

n, the details of muscle landmarks used for surface electrode placements are reported. To 

insure the safety and accuracy of wire electrode placement, the wire electrodes were 

, placed using needle biopsy procedures under CT -scan by a board certified radiologist. 

Upon completion of the questionnaire, the subject was scheduled for a CT -scan (CT 9800 

HiLight) at the Radiology Department, Hospital for Joint Diseases, New York University 

Medical Center. 

Each subject was placed in a supine position on the CT -scan table. Before and 

during the procedure, the subject was instructed to relax and maintain hislher position. 

The L31L4 level was verified from the sagittal plane image of the trunk. Two 10 mm slice 

thickness images were obtained at the L31L4 level in order to optimally localize the 

internal oblique muscles in the transverse plane. This location was marked on the subject's 

skin with ink, and radiopaque beads were placed at 1 cm intervals bilaterally in this 

transverse plane above the expected location of the internal oblique muscles. A CT image 

showing the marker beads on the skin allowed a selection of the correct sagittal plane and 

therefore the best point on the skin surface to advance the electrodes. At this level, 
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markers were placed on the skin. A CT -scan was then taken at the L31lA level in the 

transverse plane. Based on the marker placement and location of the internal oblique 

muscle, the site of insertion of the wire electrode was selected. 

Following sterile preparation, with CT scan guidance, the electrodes were slowly 

placed into the internal oblique muscle. No local anesthetic was necessary. Because the 

electrodes could not be pulled back and re-advanced, it was essential to slowly advance 

each needle with repeated CT imaging to check the position. In most cases, the electrode 

reached the mid-third of cross-sectional area of lOB muscle within a three-step 

advancement of the electrode. Once the electrode reached the mid-third of cross-sectional 

area of lOB muscle, the spinal needle was removed and the wires were inspected and 

taped to the body. 

Upon the completion of the wire electrode placement, the subject was then 

brought to the Muscle Recruitment Laboratory in the hospital. The site of surface 

electrode placement for four bilateral muscles, EOB, RA, ES at L31lA and at LI-TI2 

level for LAT, was prepared, based on anatomical considerations, palpation of muscles 

during contraction, and the recommendations of previous studies (Gabriel, 1992; Ross et 

aI., 1993; Schmitz, 1992; Tan et aI., 1993). Further details with regard to the electrode 

placement sites are provided in Chapter II. 

Step 2. Maximum Voluntary Exertion (MYE) 

The participant was strapped to the B200 Isostation in an upright standing posture 

according to the method described in the B200 User's Manual (Isotechnologies, Inc., 
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1988) and the procedure described in previous studies (Gabriel, 1992; Ross et al., 1993; 

Schmitz, 1992; Tan et al., 1993). The subject performed two trials ofMVE of the trunk 

in an upright standing posture in four random directions: flexion, extension, and right and 

left axial rotation. The secondary axes were unlocked during all the trials. The subject 

was asked to reach to hislher MVE and hold it for 3 seconds. Two minutes of rest 

separated each test to avoid fatigue. 

Step 3. Pure and combined exertion 

Based on the MVE values, the computer randomly selected a test from 

combinations of 0, 30, 60, and 100% of MVE for flexion, extension, and rotation of the 

trunk. To simulate pure and combined exertions, visual feedback was given to the 

subjects. A monitor visualIy displayed trunk torque output and target torque in the plane 

of sagittal and axial torque. The lateral axis was unlocked, hence provided no resistance 

along this axis. The computer provided an audio warning if a subject exceeded ±5 degree 

of lateral bending. A target torque was set at 0, 30, 60, 100% of MVE exertion along 

one or combination of two axes of the trunk. Each subject was instructed to match their 

output torque to the target torque for at least three seconds. To reduce the number of 

testing conditions and the risk of fatigue, only rotation to the right side is considered in 

this study (see Figure 2.4 for test condition used in this study). No load condition, zero 

condition along each axis, was repeated more than three times. However, these tests were 

part of the randomization process. The zero condition served as a means to calculate the 

baseline EMG for the normalization of the data. 
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Before each test, the feedback screen was displayed on the terminal and the subject 

was asked to practice reaching the target area. Based on the subject's performance, verbal 

feedback was provided. The practice trial was continued until the subject felt comfortable 

with the task and indicated that he/she was ready to start the test. 

3.2.4. Data Analysis 

3.2.4.1. Data reduction 

Based on Equation (1), three seconds of each trial was selected in which the 

subject performed closest to the target torque. The close distance was defined by the low 

value of the control index as it was calculated by the following formula: 

(1) 

Where: 

SagTorque and Tran Torque = The generated sagittal (Sag) and transverse (Tran) torque 

Sag Tag and Tran Tag = The sagittal (Sag) and transverse (Tran) target torque 

F or all ten trunk muscles, the mean of the normalized Root Mean Square of the 

EMG signal (NRMS-EMG) was calculated for a selected 3 second window. Based on 

previous recommendations (Redfern, 1992), the time constant of 50 ms was used for 

calculation of the RMS. As suggested by Lavender et al. (1992) and Seroussi and Pope 

(1987), the EMG signal of each muscle was normalized to the maximum and the rest value 

of the muscle. In this study, the highest mean NRMS-EMG values among all the trials 

were selected for the normalization procedure. 
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3.2.4.2. CT-SCAN 

The CT -scan images were down loaded from the CT -scan unit to optical disks. At 

the Radiology Department of the School of Medicine, New York University, the images 

were converted to 512x512 binary image files. Sigma Scan Pro image processing 

software (Jandel Scientific, San Rafael, CA) was used to process the CT-scan images. 

From the CT -scan images, the width and depth of trunk, cross-sectional area, and distance 

of centroid of muscle from the center of the disk were measured. The sagittal view of the 

spine was inspected to insure that the angle of L3/IA vertebra with respect to the 

horizontal line was about 90°, and that the values measured from these images did not 

need any correction, as suggested by McGill et at. (1993). 

3.2.4.3. Calculation of Muscle Forces 

The EMG-driven model was used to predict trunk moments and spinal forces. The 

EMG-driven model is based on the assumption that the tensile force generated by a muscle 

is related to the normalized EMG and cross-sectional area of a muscle. There are 

controversial reports with respect to the characterization of this relationship as linear 

(Lippold, 1952; Woods and Bigland-Ritchie, 1983) and nonlinear (Komi and Buskirk, 

1970, Lawrence and De Luca, 1983; Zuniga and Simons, 1969). In this study as well as 

others (Granata, 1993), a linear relation between tensile force and EMG has been 

employed, based on several factors: 1) the nonlinear relationship for the mid-range of the 

force can be approximated as linear (Granata, 1993; Solomonow et aI., 1986); 2) when the 

coactivation of muscles was accounted for in a model, based on Hof and Van Den Berg 

(1977), the EMG-force relationship was linear; and 3) for simplicity of formulation, the 
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relationship can be assumed to linear and may be expanded to be nonlinear in the future. 

If the relation between the myoelectrical activity of muscle and tensile force is 

assumed to be linear, then the tensile force (Fi) of muscle i is: 

where: 

G; = Gain ofith muscle 
NEMG; = Mean of normalized RMG-EMG ofith muscle 

A, = Cross-sectional area of ith muscle 
h; = intercept of line 

(2) 

Since the muscle force cannot be measured directly, G,. can be calculated from 

moment equations, where the measured moment (M) for the j axis is: 

n 

M j = 'L(G; x(Aj x NEMG;)+b;)xL;j (3) 
1=1 

n 

M j = 'L (G, X A, X NEMG; xLii) + (~I xLI)) (4) 
;=1 

where Li)' is the lever arm of muscle i in j plane, and n is the number of muscles, 

which in this study is equal to ten. 

In this study, three models have been formulated based on the assumptions that 

can be made with respect to G; and b;. 

Model I: Based on previous studies, two assumptions can be made: 

a) The gain of all muscles is equal to a constant G value: 
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b) The intercept of all muscles is equal to zero: 

Based on these two assumptions, Equation (4) can be simplified as: 

Mi = G x(f Ai x NEMGi XLii) 
;=1 

(5) 

Model II: Similar to Model I, this model assumes that the gain of all trunk muscles 

is equal to a constant G value. Furthermore, it assumes that hi of aU the muscles is equal to 

each other: 

Based on this assumption, Equation (4) can be simplified as: 

10 

M = ~(G x A x NEMG xL) +(hxL.) J ~ I I IJ IJ 
(6) 

i=1 

Model III: Specific conditions can be assumed; that the trunk muscles can be 

grouped together based on their functional (i.e., flexors vs. extensors) or physiological 

(i.e., fiber types) properties. For instance, in Model III, we assume that: 

m 

M.=~M. 
J ~ JP 

(7) 
p=1 

where: 
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", 
Mjp = L(Gp X A; x NEMG;, x Lij,) +(bp x Lij,) (8) 

j=\ 

m is the number of grouped muscles and it can take any value from one to ten. Equations 

(4) and (7) present cases in which m is assumed to be one and ten respectively. In this 

model, we assume two groups of muscles: 1) extensor muscles that include the right and 

left LAT and ES muscles, and 2) flexor muscles that include the right and left RA and 

lOB and EOB muscles. For calculation of muscle force in these three models, the line of 

action of the muscle was used as reported by Nussbaum et at. (1995). 

J.2.4.4.Ridge Regression 

A detailed explanation of the ridge regression method and its derivation is 

presented by Neter et at. (1983). The following is brief summary of this method. For 

ordinary least squares, 

y=bx (9) 

Neter et aI., (1983) showed that the regression coefficient can be calculated by: 

Where r JI% is a correlation matrix of all the independent variables, and r)1% is the vector 

containing the coefficients of simple correlation between the dependent variable and each 

of the independent variables. 

The ridge regression estimates are obtained by (Neter et al., 1983): 
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(10) 

where C is a bias constant (C~ 0), br is the vector of standardized ridge regression 

coefficient, and I is identity matrix. 

The value of C indicates the amount of bias in the estimators. The value of C can 

range from zero to one. When C is equal to zero, Equation (10) is the ordinary least 

square regression. Neter et a1. (1983) indicate that as C increases from zero to one, the 

total mean squared error of the ridge regression estimator br increases, while the variance 

component decreases. 

Generally, the ridge trace is used to estimate the C value. The ridge trace is a plot 

of the br value (Equation (10», when C takes a value between the range of zero to one. 

The ridge trace usually has a large fluctuation for the slight change of the C value from 

zero, and then tends to be stabilized for higher C values. By the visual inspection of the 

trace, one should select the smallest value of C where all the traces are relatively stable. In 

this study, to reduce the risk of error due to visual inspection of the ridge trace, we 

selected the value of C=O.OI for all the models. This value was selected since there is no 

criteria available for proper selection of C value any pre-select method might produce 

systematic error. 

To solve Equation (9) by means of ridge regression, the data was arranged for 

each axis as follows: 
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where: 

all a l n ell eln 

GI 

M j = G" 
bl 

a ",I a",,, e",1 e_ 
b" 

am" = A",,, x NF1vfGm" x Lm" for nth m~scle in trial m. 
l m" = Lever arm of the nth muscle in trial m 
Gn = the gain of nth muscle 
bn = the intercept of nth muscle 

(11) 

To calculated the gain and intercept based on three axes, the Equation (11) should 

be modified to include the data of all three axis in ridge regression model. Equation (12) 

shows the expansion of Equation (11) where the data of all three axis were appended to a 

large matrix. 

a 1111 alii" eml .e"", 
GI all a ln .ell eln 

MSQgittal 

= G" (12) 
M TrQI'ISWrse bl 

M IA,eral 

amI am" lml lm" 
b" 

all a ln .ell ltn 

80 



3.2.5. Statistical Analysis 

For each subject, the mean of absolute error (the difference between the predicted 

and the actual moment produced) of trunk moments, compression, and shear forces were 

calculated. Descriptive statistics (the mean and standard deviation) were computed for 

demographic data, absolute error of moments, compression, and shear forces at the level 

ofL31L4 of the spine. 

The statistical procedure MANDV A of repeated measure design (SAS Institute 

Inc., 1985) was used to determine the effect of the method of calculation (models) used on 

the results of the EMG-driven model of trunk. If the overall multivariate analysis was 

significant, a univariate analysis (ANDV A) was performed. The Tukey test was 

performed on the levels of the model if the effect of the univariate test was statistically 

significant. In this study, statistical significant level was set at P<0.05. 

3.3. Results 
The CT-scan and EMG data of6 subjects (4 males and 2 females) was used in the 

analysis. Mean age, weight, and height were 27.3 (±5.4) years, 68.0 (±6.9) Kg, and 169 

(±8.8) cm, respectively. The scores for index of work, sport, and leisure were 2.40 

(±D.66), 2.95 (± 1.68), and 3.25 (±D.57) respectively. Table 3.1 summarizes the mean and 

standard deviation of the muscle parameters of the six subjects based on values measured 

from the CT -scan each individual subject. Additional data from ten subjects were 

collected but not included in this data analysis due to different technical reasons related to 
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either CT-scan data (i.e., low resolution for separating the muscle or the loss of calibration 

information of the image), or missing EMG signal data (i.e., resulting from the loss of the 

wire or surface electrode signal), (Chapter II for detailed information). 

For each subject, the mean of absolute error across all the trials was calculated. 

Table 3.2 shows the mean of absolute error for each plane, and the mean of spinal forces 

for all subjects. The sagittal moment error was 26.0 (± 4.7) Nm for Model I, and was 

reduced to 22.3 (± 9.2) Nm and 17.5 (± 5.7) Nm for Models II and ill respectively. 

Similar level of errors were observed for the results of the three models with respect error 

in predication of transverse and lateral moments. 

With respect to spinal forces, the three models differed in their ability to predict 

compression forces and lateral shear forces. The results of Model II predicted the highest 

lateral shear and anterior-posterior (AP) shear and compression forces compared to the 

other two models. Model III resulted in the lowest compression force with a mean of 

1614.02 (± 796.5) N. 

The result of the multivariate analysis of variance indicated a significant (p<O.OOl) 

effect of the models on the results of the EMG-driven model. The repeated ANOVA was 

performed to investigate the effect of the model on the mean of the predicted moments 
, 

and spinal forces. Table 3.2 shows the summary of the results of the ANOVA procedure. 

Table 3.3 presents the results of the post-hoc Tukey test for the main effect of the 

model on the mean of sagittal error, lateral shear and compression forces. Model I had 

significantly higher (p <0.0049) sagittal error compared to Model III. With respect to 
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Table 3. 1. Mean and standard deviation of the cross-sectional area 
and the lever arm (the distance of the centroid of the muscle to the 
center of disc) for ten selected trunk muscles at the L31L4 level of the 
spme. 

Lateral Anterior- Cross-Sectional 
Lever Arm posterior Lever Area 

(rnm) Arm (rnm) (rnm2 l 
Left ES 37.32 59.54 2506.79 

(3.81) (4.59) (443.61) 

Right ES 35.49 59.17 2540.37 
(7.94) (5.63) (400.20) 

Left RA 41.91 74.33 855.81 
(10.12) (13.02) (201.36) 

RightRA 44.93 75.02 884.83 
(3.0) (15.81) (168.17) 

Left lOB 108.42 17.81 1458.91 
(11.13) (8.06) (406.86) 

Right lOB 110.78 19.32 1317.51 
(11.00) (11.32) (335.85) 

LeftEOB 121.2 15.2 1335.25 
(10.83) (10.06) (357.79) 

Right EOB 122.29 16.19 1320.09 
(10.15) (12.02) (239.49) 

Left LAT 102.56 39.93 193.62 
(11.61) (11.83) (54.46) 

RightLAT 102.53 39.62 215.63 
(10.01) (14.99) (52.97) 
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lateral shear force, Model I predicted significantly (p <0.0052) lower lateral shear force. 

Significantly (p<0.02) higher compression force was predicted by Model II in comparison 

to the other two models. 

Table 3.2. The mean and standard deviation for results ofEMG-driven models and 
univarite analysis of variance (ANOVA) for the mean of the absolute predicted 
moments and compression and shear forces. 

Model I Model II Model III F andP Value 
Sagittal Error 26.0 22.3 17.5 6.51 

(Nm) (4.7) (9.2) (5.7) (0.015) 

Transverse Error 19.9 18.6 19.1 NS 
(Nm) (7.5) (8.8) (8.1 ) 

Lateral Error 14.1 15.6 13.9 NS 
(Nm) (6.2) (5.0) (4.1) 

Lateral Shear 66.7 72.0 72.4 7.90 
(N) (25.2) (25.5) (25.9) 0.008) 

AP Shear 448.7 495.7 424.8 NS 
(N) (148.2) (181.4) (96.4) 

Compression 1631.4 3961.3 1614.02 4.79 
(N) (718.0) (2597.9) (796.5) 0.035 

Table 3.3. The P value of the Tukey multiple comparison test for main effect of Model on 
the means ofEMG-driven model of trunk. 

Sagittal Error 

Lateral Shear 

Compression 

Model 
I Vs II 

1<2 
0.0078 

1<2 
0.0234 
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I Vs III II Vs III 

1>3 
0.0049 

1>3 
0.0052 
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Table 3.4 Predicted gain (N/m2
) and intercept (Nm) based on three EMG-driven models 

for each subject (ID) and the mean and standard deviation (SID) for all six subjects. 

Modell Model II Model III 
ID Gain Gain Intercept Flexor Extensor Flexor Extensor 

Gain Gain Inter~t Inter~t 
1 0.55 0.55 0.1116 0.59 0.53 -0.0826 -0.2322 
2 0.28 0.36 0.8658 0.33 0.40 0.2259 0.0453 
3 0.44 0.51 -0.4224 0.58 0.45 -0.1014 -0.1428 
4 0.97 1.04 -0.8132 1.09 1.05 -0.5357 -0.6668 
5 0.57 0.60 -0.3334 0.69 0.56 -0.0788 -0.0823 
6 0.43 0.43 0.2929 0.63 0.41 -0.0082 -0.0494 

Mean ·0.54 0.58 -0.04987 0.65 0.57 -0.09683 -0.1880 
SID 0.23 0.24 0.5973 0.25 0.24 0.2470 0.2522 

Table 3.4 demonstrates the estimated gain and intercept of the EMG-force 

relationship as predicted by the ridge regression model. The lowest gain across all three 

models was 0.28 N/m2 and the highest was 1.09 N/m2. The mean of predicted gain ranged 

from 0.54 to 0.65 N/m2
. Subject 4 had the highest gain value across all three models. The 

intercept estimated for Models II and III ranged from -0.813 Nm to 0.865 Nm across all 

subjects. 

3.4. Discussion 
The statistical analysis suggests that the results of the EMG-driven models are 

significantly affected by the methods of muscle force calculation. The three mathematical 

formulations of force in this study stem from the possible theoretical assumptions made 

with respect to the EMG-force relationship. 

Many studies have been performed to determine the relationship between surface 

EMG and the force generated by the muscle during various type of contraction. The 
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EMG-force relationship has been shown to be linear (Lippold, 1952; Woods and Bigland­

Ritchie, 1983) and nonlinear (Komi and Buskirk, 1970; Lawrence and De Luca, 1983; 

Zuniga and Simons, 1969). The discrepancy with respect to the reported relation is 

mainly due to a variation of investigated muscles and the method used by the investigator 

(perry and Bekey, 1981). 

In addition to methodological differences in collecting force and EMG data, Hof 

and Van Den Berg (1977) demonstrated that the EMG of a muscle is linearly related to 

muscle force, but coactivation muscles generates a nonlinear relation between the EMG 

and the joint moment. Therefore, in EMG-driven models where both agonist and. 

antagonist muscles are included, it is reasonable to assume the linear relation between the 

force and EMG activity of each muscle. 

Model I in this study represents the linear relationship between tensile muscle force 

and the EMG activity of the muscle as it was used by previous investigators (Granata, 

1993; Marras and Granata, 1995; McGill, 1991). In addition to the assumption of linearity 

of the EMG-force relationship, this model assumes that the linear relationship is explained 

by the linear line with zero intercept. Compared to other models, Model I resulted in 

significantly (p <0.01) higher sagittal error and lower lateral shear force. 

During this study, the lateral axis of the B200 Isostation was unlocked and 

therefore the subject was not able to exert moment along this axis. However, the EMG­

driven model predicted moment along this axis. With the lateral axis unlocked, the values 

reported in Table 3.2 is the difference between the predicted moment from the EMG-
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driven model and the actual measured moment (zero Nm). A similar observation was 

reported by Hughes (1991) in a study of pure sagittal and lateral exertion. In Hughes' 

study, an EMG-driven model predicted sagittal moment during pure lateral exertion and 

lateral moment during pure sagittal exertion. This suggests a problem with these models 

insofar as any error in geometrical parameters or normalized EMG activity of a bilateral 

muscle might cause error in the predicted moment of the secondary axis. 

The assumption of zero intercept in the EMG-driven models explains the specific 

condition of the EMG-force relationship. No justification is available in the literature for 

the assumption made with respect to the zero intercept in the EMG-driven models .. 

Theoretically, it can be argued that the intercept cannot be negative. The negative 

intercept indicates that negative force can be generated when EMG activity is equal to 

zero. Therefore, the intercept can only be greater than or equal to zero. In the case of 

normalized EMG, it is expected that the normalization technique provides the zero 

intercept or reduces the intercept value close to zero. However, since the EMG is being 

normalized to the rest value, it is assumed that rest is equal to zero. To generate force, 

the muscle requires some level of EMG activity to overcome the slack part of the muscle. 

The level of EMG activity that is required to overcome the slack part of the 

musculoskeletal system is justification for the positive value of the intercept. 

Model II is an expansion of Model I, where the intercept of nonzero can be 

assumed in the formulation offorce. Compared to Models I and III, Model IT suggests 

significantly higher compression and AP shear force. Figure 3.1 shows the sagittal 

87 



moment as predicted by Models I and II and the measured moment. Model I resulted 

in a 35 Nm baseline shift from measured moment. In Model n, where the intercept 

was included, the baseline shift was reduced. This suggests that the small intercept 

value has a significant effect on the estimated moments. An inspection of Equation (6) 

indicates that the lever arm of a muscle is multiplied by the intercept as well as by the 

cross-sectional area and EMG value. 

Both Model I and Model II assume a similar EMG-force relationship for all 

trunk muscles as was suggested by previous studies. Model III and Equation (4) 

represent a more general situation where gain and intercept can be predicted for 

different groups of muscles or for each muscle individually. The main reason for this 

consideration is twofold. 

First, review of literature by Perry and Bekey (1981), suggested that many 

factors can effect EMG-force relationship, i.e., EMG force recording techniques, 

electrode type and placement, and testing methodology. Previous EMG-driven models 

account for the effect of muscle length and velocity in the model. The effect of other 

factors such as electrode type and fatigue condition can be controlled by the testing 

methodology. Woods and Bigland-Ritchie (1983) attempted to determine whether the 

EMG-force relationship is more sensitive to differences in the surface electrode 

(unipolar and bipolar) and recording techniques, as suggested by Moritani and DeVries 

(1978), or the physiological and/or anatomical differences of the motor unit 

organization and the muscles used in their study. Under experimentally uniform testing 
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Figure 3.1. The measured sagittal moment and results of predicted sagittal moments 
based on Models I, II And III for pure and combined testing conditions of one 
subject. The horizontal axis shows flexion (F), extension (E), and right transverse 
(R) exertions and their combination for 30%, 60%, and 100 % MVE Exertion. The 
vertical axis shows the sagittal moment ( + extension, - is flexion). 

conditions, muscles of different size, function, and fiber compositions were examined and 

then compared to conditions where the electrode type or placements had been altered. 

Woods and Bigland-Ritchie (1983) suggest that during isometric MVE, the EMG-force 

relationship depends more on the physiological characteristics of a particular muscle than 

the methodology employed by the investigator. They observed a linear EMG-force 

relationship for muscles with 'near uniform' fiber composition. The nonlinear relation was 

obtained from muscles of mixed fiber composition despite the electrode placement and 

type of electrode. These results are important for this study as the trunk muscles have 
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mixed fiber composition (Xiong et aI., 1989; Johnson et al.; 1973). 

Generally, the distribution of fiber type varies between the muscles of the same 

individual depending on the function of a muscle, muscle exercise and training, age, and 

gender. Based on functional, physiological, and anatomical variation among trunk 

muscles, it is expected to find a difference rather than a similarity in the EMG-force 

relationship among these muscles. 

Second, EMG-driven models are sensitive to the calibration data set. The quality 

and method used in the data set will directly affect the predicted gain and results of the 

EMG-driven model. Generally, an isometric testing condition is being used to calibrate 

the EMG-driven models. Guizk et al. (1996) used flexion, extension, and right and left 

lateral trunk exertion to calculate the EMG-force relation of different sets of muscles. The 

estimated gain for the trunk flexor muscles were determined by dividing the measured 

moments by the sum of the moments estimated for the flexor muscles, i.e., the right and 

left RA, lOB, and EOB muscles. A similar technique was used for extension gain where 

the extension muscles were assumed to include the right and left LAT, ES, quadratus 

lumborum, and psoas major muscles. For the right and left lateral trunk flexion, all these 

muscles are assumed to be involved. They observed significantly different gain values for 

the muscles during an exertion task. A limitation of their study is the elimination of the 

antagonistic muscle in the calculation of gain value. 

In Model III, two groups of muscles were used: trunk extensor muscle (LAT and 

ES) and trunk flexor muscles (lOB, EOB, and RA). The method of grouping muscles in 
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Chapter III 

EMG-Driven Model of Trunk 

3. 1. Review of the Literature 
Epidemiological data suggests a relation between exposure to heavy load and the 

incidence of low back disorder. However, the exact nature of this relationship is not 

known. Several methods have been suggested by biomechanicians and ergonomists to . 

identify the risk of low back injury based on information gathered from tasks and 

individual methods of performance. The identification of a hazardous task can be based 

on a simple ergonomic checklist (Halpern, 1992, Mital, 1996) or on advanced three­

dimensional biomechanical models. The criteria for the selection of methods and tools 

used for identifying hazardous tasks is mainly dependent on the accuracy and reliability 

required to estimate the risk of injury. 

Ergonomic checklists (Mital, 1996) inspect the existence of risk factors by 

applying general biomechanical and ergonomical concepts. The content and underlying 

theoretical framework is usually derived from expert opinion. Therefore, a ergonomic 

checklist can provide a simple but less accurate estimation of job or task effort and the risk 

ofinjury. 

Biomechanical models provide a more accurate estimation of load exposure and 
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thereby risk of injury by estimating the net internal forces. Various static (Chaffin, 1969~ 

Chaffin and Erig, 1991~ Hans et al., 1991~ Ladin et aI., 1991~ McGill, 1991~ Schultz et al., 

1987) and dynamic (Freivalds et aI., 1984~ Marras and Granata, 1995; Marras and 

Sommerich, 1991) models are proposed to predict the net force on the spine. The 

rationale for the selection of an adequate biomechanical model depends on the complexity 

of the task, the reliability and validity required for output information, the simplicity and 

reliability of gathering input information, the sensitivity of the model to input information, 

and the acceptability of the assumptions made by the model. 

The two-dimensional static models are based on equivalent muscles so that the . 

unknown muscle forces will be equal to the number of equations available that satisfy the 

equilibrium conditions. These models calculate the compressive and shear forces on the 

spine, mainly at the L3 -L4 level (Chaffin, 1969 ~ Chaffin and Erig~ 1991). These models do 

not consider individual muscle forces in the prediction of the load on the spinal structure. 

Therefore, they are not adequate for estimating the internal load of the trunk during 

asymmetrical exertion where the internal force increases due to high coactivation of 

muscles while the external load is fixed. These models offer a less complex calculation of 

the estimating load distribution on the spine structure. However, the reliability of 

estimated force decreases as the coactivation of trunk muscles increases during task 

performance. 

The expansion of the two-dimensional models leads to indeterminate models and 

redundant systems. For these models, a solution is obtained by defining system constraints 
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and formulating an objective function that can be utilized by the optimization technique. 

For formulation of the system equation for the trunk, the external moment of the system 

needs to be balanced by the internal moments. The internal moments are based on the 

description of muscle forces and their moment arms. For the optimization model, the 

constraints of the system are based on the maximum muscle exertion and the 

biomechanical threshold of the soft tissues. The objective function should be derived 

based on the biomechanical principles and neuromuscular criteria of the human 

performance. However, these criteria are poorly known. Most of the proposed objective 

functions are based on minimizing the compression and shear forces, muscle stresses, or 

by some combination of these parameters (Brand et aI., 1986; Crowninshield and Brand, 

1981; Genaidy and Houshyar, 1989; Han et aI., 1991; Parnianpour, 1991; Schultz et al., 

1983). Depending on the objective function, the estimated spinal forces can vary 

significantly. The reliability of these models depends solely on the reliability of the 

objective function and the anatomical information used in the model. 

An EMG-driven model estimates the compressive and shear forces on the spine by 

calculating the resultant forces of all the trunk muscles. The individual muscle forces are 

estimated from EMG activity. These models are found to be less adequa~e for predicting 

axial rotation (Marras and Granata, 1995; McGill, 1991), but they produce reasonable 

results for tasks within the sagittal plane (McGill and Norman, 1987). 

The reliability of estimated force and moments of the trunk by EMG-driven models 

is dependent upon the reliability and accuracy of the anatomical parameters of the trunk 
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muscles (cross-sectional area, lever arm, and line of action), EMG signals, and the 

assumptions made with respect to the EMG-force relationship. 

A majority of the previous models assumed a linear EMG-force relationship in the 

formulation of these models. Both evidence oflinear (Lippold, 1952~ Woods and Bigland­

Ritchie, 1983) and nonlinear (Komi and Buskirk, 1970, Zuniga and Simons, 1969; 

Lawrence and De Luca, 1983) EMG-relationships exist in the literature. Furthermore, 

they assume that the linear relationship is similar for all trunk muscles. The purpose of this 

study is to: a) present a general EMG-driven model where the individual EMG-force 

relation can be predicted for each muscle, b) compare the results of the EMG-driven 

models for three selected assumptions with respect to the EMG-force relationship, and c) 

test for the hypothesis that the results ofEMG-driven models will be affected significantly 

by the assumptions made with respect to the EMG-force relationship of the trunk muscles. 

3.2. Method 

Four male and two female subjects between the ages of 20-40 years with no 

history of low back pain for the last six months volunteered to participate in this study. 

All subjects were screened for neurological or physiological conditions that would make 

them unsuitable for this study. Screening was done using a questionnaire and interview. 

3.2.1. Instruments 

A multichannel data acquisition system was developed in-house to simultaneously 

collect 16 channel EMG signals and 16 channel mechanical data from B200 Isostation 

(Isotechnologies Inc., Hillsborough, NC). The Labview software (National Instrument, 
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Austin, TX) was used to collect data from data acquisition system via AID board 

(ATMIO-64F, National Instrument, TX) at a sampling rate of 1000 Hz. The software was 

programmed to provide real-time visual feedback regarding the trunk torques measured by 

the B200 Isostation. More details and technical information regarding the instruments and 

experimental setup are provided in Chapters n and IV. 

3.2.2. EMG Electrodes 

Both surface and wire electrodes were used to detect myoelectric activity of the 

trunk muscles. The surface electrodes were bipolar, pre-gelled electrodes (Classic 

Medical, Muskego, WI). The bipolar wire electrodes were made in-house based on 

methods described by Basmajian and De Luca (1985). For the best mechanical strength 

and stifthess, a wire with 10% Iridium- 90% platinum aHoy (Medwire, Mount Vernon, 

NY) was used. The wire was Teflon coated with a full coated diameter of 0.0014 inches. 

To make the wire electrode, the 25 cm Teflon coated wire was looped and passed through 

cannula of 26 G X 3.5" hypodermic spinal tape needle (Baxter Health Care Co., Edison, 

NJ). Then the loop was cut into two pieces of wire. About 2 mm of each wire at the 

distal end of the needle was exposed to flame in order to bum the Teflon isolation. The 

electrodes were sterilized in the Hospital for Joint Diseases before use. 

3.2.3. Procedure 

All subjects were asked to fill out the activity questionnaire (Baecke et aI., 1982), 

demographic and medical questionnaire (see Appendices A and B), and sign the consent 

form (see Appendix E). The demographic and medical questionnaires were reviewed to 

ensure that the subject satisfied the inclusion criteria. The subject was asked to wear 
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comfortable sport wear and shoes during testing. 

Step 1. Electrode placement 

Both wire and surface electrodes were used to collect EMG signals from five 

bilateral trunk muscles. Wire electrode was used for the right and left internal oblique 

(lOB) muscles and surface electrode was used for external oblique (EOB), erector spinae 

(ES), rectus abdominis (RA);and latissimus dorsi (LAT) left and right muscles. In Chapter 

II, the details of muscle landmarks used for surface electrode placements are reported. To 

insure the safety and accuracy of wire electrode placement, the wire electrodes were 

placed using needle biopsy procedures under CT -scan by a board certified radiologist. 

Upon completion of the questionnaire, the subject was scheduled for a CT -scan (CT 9800 

HiLight) at the Radiology Department, Hospital for Joint Diseases, New York University 

Medical Center. 

Each subject was placed in a supine position on the CT-scan table. Before and 

during the procedure, the subject was instructed to relax and maintain hislher position. 

The L31L4levei was verified from the sagittal plane image of the trunk. Two 10 mm slice 

thickness images were obtained at the L31L4 level in order to optimally localize the 

internal oblique muscles in the transverse plane. This location was marked on the subject's 

skin with ink, and radiopaque beads were placed at 1 cm intervals bilaterally in this 

transverse plane above the expected location of the internal oblique muscles. A CT image 

showing the marker beads on the skin allowed a selection of the correct sagittal plane and 

therefore the best point on the skin surface to advance the electrodes. At this level, 
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markers were placed on the skin. A CT -scan was then taken at the L3/lA level in the 

transverse plane. Based on the marker placement and location of the internal oblique 

muscle, the site of insertion of the wire electrode was selected. 

Following sterile preparation, with CT scan guidance, the electrodes were slowly 

placed into the internal oblique muscle. No local anesthetic was necessary. Because the 

electrodes could not be pulled back and re-advanced, it was essential to slowly advance 

each needle with repeated CT imaging to check the position. In most cases, the electrode 

reached the mid-third of cross-sectional area of lOB muscle within a three-step 

advancement of the electrode. Once the electrode reached the mid-third of cross-sectional 

area of lOB muscle, the spinal needle was removed and the wires were inspected and 

taped to the body. 

Upon the completion of the wire electrode placement, the subject was then 

brought to the Muscle Recruitment Laboratory in the hospital. The site of surface 

electrode placement for four bilateral muscles, EOB, RA, ES at L31L4 and at LI-TI2 

level for LAT, was prepared, based on anatomical considerations, palpation of muscles 

during contraction, and the recommendations of previous studies (Gabriel, 1992; Ross et 

aI., 1993; Schmitz, 1992; Tan et aI., 1993). Further details with regard to the electrode 

placement sites are provided in Chapter II. 

Step 2. Maximum Voluntary Exertion (MYE) 

The participant was strapped to the B200 Isostation in an upright standing posture 

according to the method described in the B200 User's Manual (Isotechnologies, Inc., 
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1988) and the procedure described in previous studies (Gabriel, 1992; Ross et al., 1993; 

Schmitz, 1992; Tan et al., 1993). The subject performed two trials ofMVE of the trunk 

in an upright standing posture in four random directions: flexion, extension, and right and 

left axial rotation. The secondary axes were unlocked during all the trials. The subject 

was asked to reach to his/her MVE and hold it for 3 seconds. Two minutes of rest 

separated each test to avoid fatigue. 

Step 3. Pure and combined exertion 

Based on the MVE values, the computer randomly selected a test from 

combinations of 0, 30, 60, and 100% of MVE for flexion, extension, and rotation of the· 

trunk. To simulate pure and combined exertions, visual feedback was given to the 

subjects. A monitor visually displayed trunk torque output and target torque in the plane 

of sagittal and axial torque. The lateral axis was unlocked, hence provided no resistance 

along this axis. The computer provided an audio warning if a subject exceeded ±5 degree 

of lateral bending. A target torque was set at 0, 30, 60, 100% of MVE exertion along 

one or combination of two axes of the trunk. Each subject was instructed to match their 

output torque to the target torque for at least three seconds. To reduce the number of 

testing conditions and the risk of fatigue, only rotation to the right side is considered in 

this study (see Figure 2.4 for test condition used in this study). No load condition, zero 

condition along each axis, was repeated more than three times. However, these tests were 

part of the randomization process. The zero condition served as a means to calculate the 

baseline EMG for the normalization of the data. 
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Before each test, the feedback screen was displayed on the terminal and the subject 

was asked to practice reaching the target area. Based on the subject's performance, verbal 

feedback was provided. The practice trial was continued until the subject felt comfortable 

with the task and indicated that he/she was ready to start the test. 

3.2.4. Data Analysis 

3.2.4.1. Data reduction 

Based on Equation (1), three seconds of each trial was selected in which the 

subject performed closest to the target torque. The close distance was defined by the low 

value of the control index as it was calculated by the following formula: 

~(S1grUfll'! -S1grq:t +(T1tI1ratjlCl -T1tI1Tq: )2 

~(S1gTq:)2 +(T1tI1rq: r (1) 

Where: 

SagTorque and Tran Torque = The generated sagittal (Sag) and transverse (Tran) torque 

Sag Tag and Tran Tag = The sagittal (Sag) and transverse (Tran) target torque 

For all ten trunk muscles, the mean of the normalized Root Mean Square of the 

EMG signal (NRMS-EMG) was calculated for a selected 3 second window. Based on 

previous recommendations (Redfern, 1992), the time constant of SO ms was used for 

calculation of the RMS. As suggested by Lavender et al. (1992) and Seroussi and Pope 

(1987), the EMG signal of each muscle was normalized to the maximum and the rest value 

of the muscle. In this study, the highest mean NRMS-EMG values among all the trials 

were selected for the normalization procedure. 
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3.2.4.2. CT-SCAN 

The CT -scan images were down loaded from the CT -scan unit to optical disks. At 

the Radiology Department of the School of Medicine, New York University, the images 

were converted to 512x512 binary image files. Sigma Scan Pro image processing 

software (Jandel Scientific, San Rafael, CAl was used to process the CT -scan images. 

From the CT -scan images, the width and depth of trunk, cross-sectional area, and distance 

of centroid of muscle from the center of the disk were measured. The sagittal view of the 

spine was inspected to insure that the angle of L31L4 vertebra with respect to the 

horizontal line was about 90°, and that the values measured from these images did not 

need any correction, as suggested by McGill et at. (1993). 

3.2.4.3. Calculation of Muscle Forces 

The EMG-driven model was used to predict trunk moments and spinal forces. The 

EMG-driven model is based on the assumption that the tensile force generated by a muscle 

is related to the normalized EMG and cross-sectional area of a muscle. There are 

controversial reports with respect to the characterization of this relationship as linear 

(Lippold, 1952; Woods and Bigland-Ritchie, 1983) and nonlinear (Komi and Buskirk, 

1970, Lawrence and De Luca, 1983; Zuniga and Simons, 1969). In this study as well as 

others (Granata, 1993), a linear relation between tensile force and EMG has been 

employed, based on several factors: 1) the nonlinear relationship for the mid-range of the 

force can be approximated as linear (Granata, 1993; Solomonow et aI., 1986); 2) when the 

coactivation of muscles was accounted for in a model, based on Hof and Van Den Berg 

(1977), the EMG-force relationship was linear; and 3) for simplicity of formulation, the 
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relationship can be assumed to linear and may be expanded to be nonlinear in the future. 

If the relation between the myoelectrical activity of muscle and tensile force is 

assumed to be linear, then the tensile force (Fi) of muscle i is: 

where: 

G; = Gain ofith muscle 
NEMG; = Mean of normalized RMG-EMG ofith muscle 

A; = Cross-sectional area ofith muscle 
b; = intercept of line 

(2) 

Since the muscle force cannot be measured directly, G; can be calculated from 

moment equations, where the measured moment (M) for the} axis is: 

" M j = L(G; x(A; xNEMG;)+b;)xL;j (3) 
;=1 

" M j = L(G; x A; x NEMG; x Lij) +(b; x Lij) (4) 
;=1 

where Lij is the lever arm of muscle i in} plane, and n is the number of muscles, 

which in this study is equal to ten. 

In this study, three models have been formulated based on the assumptions that 

can be made with respect to G; and b;. 

Model I: Based on previous studies, two assumptions can be made: 

a) The gain of an muscles is equal to a constant G value: 
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b) The intercept of all muscles is equal to zero: 

Based on these two assumptions, Equation (4) can be simplified as: 

M j = G x (f A; x NEA1G; x Lij) 
;=1 

(5) 

Model II: Similar to Model I, this model assumes that the gain of all trunk muscles 

is equal to a constant G value. Furthermore, it assumes that hi of all the muscles is equal to 

each other: 

Based on this assumption, Equation (4) can be simplifi~d as: 

10 

M j = 2:(G X A; x NEA1G; x Lij) +(b x L;j) (6) 
;=1 

Model III: Specific conditions can be assumed~ that the trunk muscles can be 

grouped together based on their functional (i.e., flexors vs. extensors) or physiological 

(i.e., fiber types) properties. For instance, in Model III, we assume that: 

(7) 

where: 
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n, 
M jp = L(Gp X Ai X NEMGi, XLii,) +(bp X Lij,) 

i=1 

(8) 

m is the number of grouped muscles and it can take any value from one to ten. Equations 

(4) and (7) present cases in which m is assumed to be one and ten respectively. In this 

model, we assume two groups of muscles: 1) extensor muscles that include the right and 

left LAT and ES muscles, and 2) flexor muscles that include the right and left RA and 

lOB and EOB muscles. For calculation of muscle force in these three models, the line of 

action of the muscle was used as reported by Nussbaum et ai. (1995). 

3.2.4. 4. Ridge Regression 

A detailed explanation of the ridge regressIon method and its derivation is 

presented by Neter et ai. (1983). The following is brief summary of this method. For 

ordinary least squares, 

y=bx (9) 

Neter et aI., (1983) showed that the regression coefficient can be calculated by: 

Where r X% is a correlation matrix of all the independent variables, and r yz is the vector 

containing the coefficients of simple correlation between the dependent variable and each 

of the independent variables. 

The ridge regression estimates are obtained by (Neter et aI., 1983): 
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b' = (rJ:l: +c1f\or (10) 

where C is a bias constant (C~ 0), bf is the vector of standardized ridge regression 

coefficient, and I is identity matrix. 

The value of C indicates the amount of bias in the estimators. The value of C can 

range from zero to one. When C is equal to zero, Equation (lO) is the ordinary least 

square regression. Neter et at. (1983) indicate that as C increases from zero to one, the 

total mean squared error of the ridge regression estimator b' increases, while the variance 

component decreases. 

Generally, the ridge trace is used to estimate the C value. The ridge trace is a plot 

of the b' value (Equation (lO», when C takes a value between the range of zero to one. 

The ridge trace usually has a large fluctuation for the slight change of the C value from 

zero, and then tends to be stabilized for higher C values. By the visual inspection of the 

trace, one should select the smallest value of C where all the traces are relatively stable. In 

this study, to reduce the risk of error due to visual inspection of the ridge trace, we 

selected the value of C=O.OI for all the models. This value was selected since there is no 

criteria available for proper selection of C value any pre-select method might produce 

systematic error. 

To solve Equation (9) by means of ridge regression, the data was arranged for 

each axis as follows: 
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where: 

all a l n ill i l n 
GI 

M j = 
Gn 

hI 

. 
amI a mn i ml i",n hn 

a mn = Amn x NFMGmn x L",n for nth muscle in trial m. 
i",n = Lever arm of the nth muscle in trial m 
Go = the gain of nth muscle 
bn = the intercept of nth muscle 

(11) 

To calculated the gain and intercept based on three axes, the Equation (11) should 

be modified to include the data of all three axis in ridge regression model. Equation (12) 

shows the expansion of Equation (11) where the data of all three axis were appended to a 

large matrix. 

a 1111 a nm illll enln GI 
all a ln ill .e In 

Msagina/ 

= Gn (12) 
M TrQllSVerse hI 

M La,•ra, 

a llll a mn .e ml .e nln hn 
all a ln ill i lo 

.e nln 
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3.2.5. Statistical Analysis 

For each subject, the mean of absolute error (the difference between the predicted 

and the actual moment produced) of trunk moments, compression, and shear forces were 

calculated. Descriptive statistics (the mean and standard deviation) were computed for 

demographic data, absolute error of moments, compression, and shear forces at the level 

ofL31L4 of the spine. 

The statistical procedure MANDY A of repeated measure design (SAS Institute 

Inc., 1985) was used to determine the effect of the method of calculation (models) used on 

the results of the EMG-driven model of trunk. If the overall multivariate analysis was 

significant, a univariate analysis (ANDY A) was performed. The Tukey test was 

performed on the levels of the model if the effect of the univariate test was statistically 

significant. In this study, statistical significant level was set at P<0.05. 

3.3. Results 
The CT-scan and EMG data of6 subjects (4 males and 2 females) was used in the 

analysis. Mean age, weight, and height were 27.3 (±5.4) years, 68.0 (±6.9) Kg, and 169 

(±8.8) cm, respectively. The scores for index of work, sport, and leisure were 2.40 

(±O.66), 2.95 (± 1.68), and 3.25 (±O.57) respectively. Table 3.1 summarizes the mean and 

standard deviation of the muscle parameters of the six subjects based on values measured 

from the CT -scan each individual subject. Additional data from ten subjects were 

collected but not included in this data analysis due to different technical reasons related to 
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either CT -scan data (i.e., low resolution for separating the muscle or the loss of calibration 

information of the image), or missing EMG signal data (i.e., resulting from the loss of the 

wire or surface electrode signal), (Chapter II for detailed information). 

For each subject, the mean of absolute error across all the trials was calculated. 

Table 3.2 shows the mean of absolute error for each plane, and the mean of spinal forces 

for all subjects. The sagittal moment error was 26.0 (± 4.7) Nm for Model I, and was 

reduced to 22.3 (± 9.2) Nm and 17.5 (± 5.7) Nm for Models II and III respectively. 

Similar level of errors were observed for the results of the three models with respect error 

in predication of transverse and lateral moments. 

With respect to spinal forces, the three models differed in their ability to predict 

compression forces and lateral shear forces. The results of Model II predicted the highest 

lateral shear and anterior-posterior (AP) shear and compression forces compared to the 

other two models. Model III resulted in the lowest compression force with a mean of 

1614.02 (± 796.5) N. 

The result of the multivariate analysis of variance indicated a significant (p<0.001) 

effect of the models on the results of the EMG-driven model. The repeated ANOV A was 

performed to investigate the effect of the model on the mean of the predicted moments 

and spinal forces. Table 3.2 shows the summary of the results of the ANOVA procedure. 

Table 3.3 presents the results of the post-hoc Tukey test for the main effect of the 

model on the mean of sagittal error, lateral shear and compression forces. Model I had 

significantly higher (p <0.0049) sagittal error compared to Model TIl. With respect to 
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Table 3.1. Mean and standard deviation of the cross-sectional area 
and the lever ann (the distance of the centroid of the muscle to the 
center of disc) for ten selected trunk muscles at the L3/lAlevel of the 
spme. 

Lateral Anterior- Cross-Sectional 
Lever Ann posterior Lever Area 

(mrn) Ann (mrn) (mrn2 
) 

Left ES 37.32 59.54 2506.79 
(3.81) (4.59) (443.61) 

Right ES 35.49 59.17 2540.37 
(7.94) (5.63) (400.20) 

Left RA 41.91 74.33 855.81 
(10.12) (13.02) (201.36) 

RightRA 44.93 75.02 884.83 
(3.0) (15.81) (168.17) 

Left lOB 108.42 17.81 1458.91 
(11.13) (8.06) (406.86) 

Right lOB 110.78 19.32 1317.51 
(11.00) (11.32) (335.85) 

Left EOB 121.2 15.2 1335.25 
(l0.83) (10.06) (357.79) 

RightEOB 122.29 16.19 1320.09 
(10.15) (12.02) (239.49) 

LeftLAT 102.56 39.93 193.62 
(11.61) (1l.83) (54.46) 

RightLAT 102.53 39.62 215.63 
(10.01) (14.99) (52.97) 
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lateral shear force, Model I predicted significantly (p <0.0052) lower lateral shear force. 

Significantly (p<0.02) higher compression force was predicted by Model IT in comparison 

to the other two models. 

Table 3.2. Mean and standard deviation for results ofEMG-driven models and 
univariate analysis of variance (ANOVA) for the mean of the absolute predicted 
moments and compression and shear forces. 

Model I Model II Model III F andP Value 
Sagittal Error 26.0 22.3 17.5 6.51 

(Nm) (4.7) (9.2) (5.7) (0.015) 

Transverse Error 19.9 18.6 19.1 NS 
(Nm) (7.5) (8.8) (8.1) 

Lateral Error 14.1 15.6 13.9 NS 
(Nm) (6.2) (5.0) (4.1) 

Lateral Shear 66.7 72.0 72.4 7.90 
(N) (25.2) (25.5) (25.9) 0.008) 

AP Shear 448.7 495.7 424.8 NS 
(N) (148.2) (181.4) (96.4) 

Compression 1631.4 3961.3 1614.02 4.79 
(N) (718.0) (2597.9) (796.5) 0.035 

Table 3.3. The P values of the Tukey multiple comparison test for main effect of model 
on the means ofEMG-driven model of the trunk. 

Sagittal Error 

Lateral Shear 

Compression 

Model 
I Vs II 

1<2 
0.0078 

1<2 
0.0234 
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1>3 
0.0049 

1>3 
0.0052 
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Table 3.4 Predicted gain (N/m2
) and intercept (Nm) based on three EMG-driven models 

for each subject (ID) and the mean and standard deviation (STD) for six subjects. 

Model 1 Model II Model m 
ID Gain Gain Intercept Flexor Extensor Flexor Extensor 

Gain Gain Inter~t Inter~t 
1 0.55 0.55 0.1116 0.59 0.53 -0.0826 -0.2322 
2 0.28 0.36 0.8658 0.33 0.40 0.2259 0.0453 
3 0.44 0.51 -0.4224 0.58 0.45 -0.1014 -0.1428 
4 0.97 1.04 -0.8132 1.09 1.05 -0.5357 -0.6668 
5 0.57 0.60 -0.3334 0.69 0.56 -0.0788 -0.0823 
6 0.43 0.43 0.2929 0.63 0.41 -0.0082 -0.0494 

Mean 0.54 0.58 -0.04987 0.65 0.57 -0.09683 -0.1880 
SID 0.23 0.24 0.5973 0.25 0.24 0.2470 0.2522 

Table 3.4 demonstrates the estimated gain and intercept of the EMG-force 

relationship as predicted by the ridge regression model. The lowest gain across all three 

models was 0.28 N/m2 and the highest was l.09 N/m2
. The mean of predicted gain ranged 

from 0.54 to 0.65 N/m2
. Subject 4 had the highest gain value across all three models. The 

intercept estimated for Models II and III ranged from -0.813 Nm to 0.865 Nm across all 

subjects. 

3.4. Discussion 
The statistical analysis suggests that the results of the EMG-driven models are 

significantly affected by the methods of muscle force calculation. The three mathematical 

formulations of force in this study stem from the possible theoretical assumptions made 

with respect to the EMG-force relationship. 

Many studies have been performed to determine the relationship between surface 

EMG and the force generated by the muscle during various type of contraction. The 
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EMG-force relationship has been shown to be linear (Lippold, 1952~ Woods and Bigland­

Ritchie, 1983) and nonlinear (Komi and Buskirk, 1970~ Lawrence and De Luca, 1983~ 

Zuniga and Simons, 1969). The discrepancy with respect to the reported relation is 

mainly due to a variation of investigated muscles and the method used by the investigator 

(perry and Bekey, 1981). 

In addition to methodological differences in collecting force and EMG data, Hof 

and Van Den Berg (1977) demonstrated that the EMG of a muscle is linearly related to 

muscle force, but coactivation muscles generates a nonlinear relation between the EMG 

and the joint moment. Therefore, in EMG-driven models where both agonist and· 

antagonist muscles are included, it is reasonable to assume the linear relation between the 

force and EMG activity of each muscle. 

Model I in this study represents the linear relationship between tensile muscle force 

and the EMG activity of the muscle as it was used by previous investigators (Granata, 

1993~ Marras and Granata, 1995~ McGill, 1991). In addition to the assumption of linearity 

of the EMG-force relationship, this model assumes that the linear relationship is explained 

by the linear line with zero intercept. Compared to other models, Model I resulted in 

significantly (p <0.01) higher sagittal error and lower lateral shear force. 

During this study, the lateral axis of the B200 Isostation was unlocked and 

therefore the subject was not able to exert moment along this axis. However, the EMG­

driven model predicted moment along this axis. With the lateral axis unlocked, the values 

reported in Table 3.2 is the difference between the predicted moment from the EMG-
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driven model and the actual measured moment (zero Nm). A similar observation was 

reported by Hughes (1991) in a study of pure sagittal and lateral exertion. In Hughes' 

study, an EMG-driven model predicted sagittal moment during pure lateral exertion and 

lateral moment during pure sagittal exertion. This suggests a problem with these models 

insofar as any error in geometrical parameters or normalized EMG activity of a bilateral 

muscle might cause error in the predicted moment of the secondary axis. 

The assumption of zero intercept in the EMG-driven models explains the specific 

condition of the EMG-force relationship. No justification is available in the literature for 

the assumption made with respect to the zero intercept in the EMG-driven models. 

Theoretically, it can be argued that the intercept cannot be negative. The negative 

intercept indicates that negative force can be generated when EMG activity is equal to 

zero. Therefore, the intercept can only be greater than or equal to zero. In the case of 

normalized EMG, it is expected that the normalization technique provides the zero 

intercept or reduces the intercept value close to zero. However, since the EMG is being 

normalized to the rest value, it is assumed that rest is equal to zero. To generate force, 

the muscle requires some level of EMG activity to overcome the slack part of the muscle. 

The level of EMG activity that is required to overcome the slack part of the 

musculoskeletal system is justification for the positive value of the intercept. 

Model II is an expansion of Model I, where the intercept of nonzero can be 

assumed in the formulation of force. Compared to Models I and III, Model II suggests 

significantly higher compression and AP shear force. Figure 3.1 shows the sagittal 
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moment as predicted by Models I and II and the measured moment. Model I resulted 

in a 35 Nm baseline shift from measured moment. In Model II, where the intercept 

was included, the baseline shift was reduced. This suggests that the small intercept 

value has a significant effect on the estimated moments. An inspection of Equation (6) 

indicates that the lever arm of a muscle is mUltiplied by the intercept as well as by the 

cross-sectional area and EMG value. 

Both Model I and Model II assume a similar EMG-force relationship for all 

trunk muscles as was suggested by previous studies. Model III and Equation (4) 

represent a more general situation where gain and intercept can be predicted for 

different groups of muscles or for each muscle individually. The main reason for this 

consideration is twofold. 

First, review of literature by Perry and Bekey (1981), suggested that many 

factors can effect EMG-force relationship, i.e., EMG force recording techniques, 

electrode type and placement, and testing methodology. Previous EMG-driven models 

account for the effect of muscle length and velocity in the model. The effect of other 

factors such as electrode type and fatigue condition can be controlled by the testing 

methodology. Woods and Bigland-Ritchie (1983) attempted to determine whether the 

EMG-force relationship is more sensitive to differences in the surface electrode 

(unipolar and bipolar) and recording techniques, as suggested by Moritani and DeVries 

(1978), or the physiological andlor anatomical differences of the motor unit 

organization and the muscles used in their study. Under experimentally uniform testing 
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Figure 3.1. The measured sagittal moment and results of predicted sagittal moment 
based on Models I, II and III for pure and combined testing conditions of one 
subject. The horizontal axis shows flexion (F), extension (E), and right transverse 
(R) exertions and their combination for 30%, 60%, and 100 % MVE. The vertical 
axis shows the sagittal moment ( + extension, - flexion). 

conditions, muscles of different size, function, and fiber compositions were examined and 

then compared to conditions where the electrode type or placements had been altered. 

Woods and Bigland-rutchie (1983) suggest that during isometric MVE, the EMG-force 

relationship depends more on the physiological characteristics of a particular muscle than 

the methodology employed by the investigator. They observed a linear EMG-force 

relationship for muscles with 'near uniform' fiber composition. The nonlinear relation was 

obtained from muscles of mixed fiber composition despite the electrode placement and 

type of electrode. These results are important for this study as the trunk muscles have 
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mixed fiber composition (Zhu et aI., 1989; Johnson et al.; 1973). 

Generally, the distribution of fiber type varies be~een the muscles of the same 

individual depending on the function of a muscle, muscle exercise and training, and age. 

The size of different fiber types varies somewhat according to sex, but not the proportion 

of the fiber types (Zhu et aI., 1989). Johnson et. al. (1973) studied samples of skeletal 

muscles taken from 50 sites of 6 cadavers. The cadavers were between age of 17 to 30 

years old with no previously known medical conditions. They reported wide variation 

between percentage of Type I and Type II fibers among the specimens. With regard to 

trunk muscles, the proportion of Type I and Type II fiber of ES (both at surface and deep 

level), LAT, and RA were significantly (p<0.002) different among the specimens. 

Therefore, considering difference among individuals, and the functional, physiological, and 

anatomical variation among trunk muscles, it can be expected to find more difference 

rather than a similarity in the EMG-force relationship among the trunk muscles. 

Second, EMG-driven models are sensitive to the calibration data set. The quality 

and method used in the data set will directly affect the predicted gain and results of the 

EMG-driven model. Generally, an isometric testing condition is being used to calibrate 

the EMG-driven models. Guizk et al. (1996) used flexion, extension, and right and left 

lateral trunk exertion to calculate the EMG-force relation of different sets of muscles. The 

estimated gain for the trunk flexor muscles were determined by dividing the measured 

moments by the sum of the moments estimated for the flexor muscles, i.e., the right and 

left RA, lOB, and EOB muscles. A similar technique was used for extension gain where 
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the extension muscles were assumed to include the right and left LAT, ES, quadratus 

lumborum, and psoas major muscles. For the right and left lateral trunk flexion, all these 

muscles are assumed to be involved. They observed significantly different gain values for 

the muscles during an exertion task. A limitation of their study is the elimination of the 

antagonistic muscle in the calculation of gain value. 

In Model III, two groups of muscles were used: trunk extensor muscle (LAT and 

ES) and trunk flexor muscles (lOB, EOB, and RA). The method of grouping muscles in 

this model was primly done to demonstrate a possibility of logical grouping of muscles. 

Compared to Models I and II, Model III had the lowest sagittal and lateral mean error 

(Table 3.2). The mean of flexor muscle gain as predicted by the Model III was 65 (±25) 

N/cm2 and 57(±24) N/cm2 for the extensors. Similar to Guzik et al. (1996), we found a 

higher gain for the trunk flexor than for the trunk extensor muscles. The absolute value of 

the gain was different due to variations in the testing methodology and muscle grouping. 

Their study included the psoas major and quadratus lumborum muscles in addition to the 

LAT and ES muscles that were studied Model III. 

For all three models, a ridge regression was used to calculate the gain. The 

advantage of this method is twofold: first, theoretical gain can be calculated from the 

equation of moments and the gain value is independent of the axis used in the calculation. 

However, experimentally, we know that the result of the EMG-driven model is more 

accurate in the prediction of moments in the sagittal plane than in the transverse and lateral 

planes. Therefore, numerically the gain value will be different depending upon which axis 
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is used in the calculation of gain. No explicitly information is available regarding this issue 

in the literature. Two numerical solutions can be assumed for this problem: 1) calculating 

the gain based on each axis and averaging the three estimated gains, 2) fitting the linear 

least square line to the data of all three axes. The latter technique requires to append the 

data of all three axes, as shown in Equation (11). 

Second, the best method of solving Equation (4) is the use of a regression based 

method. However, due to the collinearity of the EMG data, the results of the regression 

method become biased. The ridge regression is one of the few methods that has been 

proposed to solve the problem of multicollinearity in regression models. This method . 

allows researchers to choose the regression coefficient from a range where the coefficient 

is unbiased but imprecise (with a large variance) to a value that is more precise but has a 

small bias (Neter et aI., 1983). The flexibility on this range will provide the possibility of 

selecting the regression coefficient (EMG-force .ratios) such that it falls within the 

physiological range of gain; i.e., 30 to 100 N/cm2 (McGill and Norman, 1987; Reid and 

Costigan, 1987). 

Table 3.4 shows the gain and intercept as it was calculated by three EMG-driven 

models. The estimated gains were within the physiological range reported in the literature. 

One subject had constantly high gain values across an three models. Table 3.4 indicates 

that the predicted intercept can be either positive or negative. Theoretically, the intercept 

should be positive. The negative intercept might be due to the normalization technique 

used in the study. In this study, we normalized the EMG value of each muscle by the 
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highest value observed across all the trial and rest EMG. However, since the subject was 

standing in an upright, constrained posture within the dynamometer during the resting 

trial, the muscles may have had some postural EMG activity. 

3.5. Conclusion 
An EMG-driven model has been used to estimate spinal forces during upright 

isometric standing. The shortcomings of previous models have been discussed. To 

overcome these limitations, a new method of calculating individual muscle force has been 

suggested. The main advantage of this proposed method is the possibility of calculating 

the individual gain and intercept for the trunk muscles. 

The results of this study demonstrate the sensitivity of the EMG-driven models and 

estimated spinal forces to the assumption made with respect to individual muscle forces. 

The variation in the estimation of moments and spinal forces by these models suggests that 

one should be careful in the interpretation of these results. The model should be 

evaluated, based on: 1) the accuracy of the anatomical and physiological assumptions used 

in the model, 2) error on predicting the moment along each axis, and 3) the gain estimated 

by the model as well as the compression and shear forces with in the limits suggested in 

the literature. 
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Chapter IV 

The Effect of Anatomical Geometry of Trunk 
Muscles on the Results of the EMG-driven 

Model 

4.1 Review of the Literature 

The interest in biomechanical models of human performance and advanced· 

development of computational power for research encourage the formulation and 

examination of more complex and rigorous biomechanical models (pearsall and Reid, 

1994). The primary objective of these models is to calculate the internal forces generated 

by the musculature and the estimation of risk ofmuscluoskeletal injury. The validity of the 

biomechanical models are dependent upon the physiological assumptions and the 

anatomical parameters used (i.e., cross-sectional area, lever arm, and centroid of the 

muscle) . 

Until recently, biomechanical models were based on anatomical and physiological 

data gathered from human cadaver studies. These studies derive information from a small 

number of specimens. Often the cadaver specimens used were from an elderly population 

or from young people who died due to medical conditions (pearsall and Reid, 1994) or 

accidents. There is potential for error in utilizing these information because of the 
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differences between healthy, living humans and the cadaver specimens used in these 

studies (pearsall and Reid, 1994). Furthermore, these studies are usually based upon a 

relatively limited demographic sample of subjects (pearsall and Reid, 1994). Use of 

cadaver data might be adequate for simple biomechanical models, but more complex 

models of the human body require more specific and individualized data. 

Two approaches have been used to improve the quality of the anatomical 

parameters required by the biomechanical models. First, the use of noninvasive imaging 

techniques provides the opportunity to gather in vivo anatomical information from healthy 

individuals. Individualized data can be gathered from CT -scan and Magnetic Resonance . 

Imaging (MRI) images with a high degree of accuracy. The cost and availability of these 

imaging techniques are the primary limitations for their use in research projects. 

The second approach for improving the quality of anatomical paraJ1.leters is the use 

of statistical methods for calculating parameters based on anthropomorphic data. This 

method implies that anatomical parameters will be measured either directly from cadavers 

or by available imaging techniques from subjects. The demographic and anthropometric 

data of the same subjects will then be recorded and the relation between these variables is 

established via a regression model. Depending on the strength of these relationships, this 

method provides relatively more individualized information while keeping the process of 

gathering the information both inexpensive and less complex. 

Reid et al. (1987) used 27 different anthropometric variables as the base for their 

prediction of the moment arms and the cross-sectional areas of five trunk muscles in 
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twenty male subjects. Reid and colleagues showed a low correlation (p>0.10 and p>O.IS) 

among anthropometric variables and the cross-sectional areas of the muscles. Two 

studies, Reid and Costigan (1987) study of twenty male subjects, and Chaffin et al. {l990) 

study of 96 women (mean age of 49.6 (±5.9)), more specifically point to the low 

correlation between gross anthropometry and cross-sectional areas for the erector spinae 

and psoas muscles. McGill and Norman (1987) showed similar results for the psoas 

muscle, but not for the erector spinae muscle. 
, 

Several authors (Chaffin et a!., 1990; Nemeth and Ohlsen, 1986; Reid et al., 1987) 

attempted to predict the moment arms of the trunk muscles based on gross anthropometric 

parameters. Reid et a!. {l987), showed that a listable regression equation" could be 

developed for five trunk muscles with the exception of the moment arm for the rectus 

abdominus muscle. The lack of a stable equation for this muscle indicates high variability 

among the subjects. 

A comparison of the results of several studies (Chaffin et a!., 1990) reveals that the 

length of the moment arm of the erector spinae and rectus abdominus muscle with respect 

to the anteroposterior axis are highly variable among studies. A comparison of the 

anteroposterior lever arm and the mean age of the subjects suggests an increase in the 

rectus abdominus moment arm as the mean age of the population increases. The increase 

is estimated to be as high as 30% and appears mainly in the 30 year age cohort. The 

comparison was made based on data from male subjects. Little information is available on 

the female population, although a comparative study of ten males and ten females by 

Nemeth and Ohlsen (1986) showed a significant difference between the male and the 
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female moment ann with respect to the anteroposterior and bilateral axis of motion. 

In conclusion, the review of the literature suggests that muscle parameters cannot 

be accurately predicted from anthropometric data. Limited data with high variability on 

the one hand, and the need for a better mathematical model On the other hand, are the 

main justifications for the high cost of measurement of these parameters through non­

invasive, high-tech imaging systems such as the CT -scan or MRI. 

The aims of this study are to: 1) provide individualized muscle descriptions based 

on CT -scan images; and 2) investigate the effect of the anatomical geometry of the trunk 

muscles on the results of the EMG-driven model of the trunk. Furthennore, the proposed 

study will discuss the role of imaging techniques for biomechanical models. 

4.2 Method 

Four male and two female subjects between the ages of 20-40 years with no 

history of low back pain for the last six months volunteered for this study. All subjects 

were screened for neurological or physiological conditions that would make them 

unsuitable for this study. Screening was done by the means of questionnaires and infonnal 

interview (see Chapter II and Appendices A and B). 

4.2.1 Instruments 

A multichannel data acquisition system was developed in-house to simultaneously 

coHect 16 channel EMG signals and 16 channel mechanical data from a B200 Isostation 

(lsotechnologies, Inc., Hillsborough, NC). The Labview software (National Instrument, 

Austin, TX) was used to collect data from a data acquisition system via AID board 
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(ATMIO-64F, National Instrument, TX) at a sampling rate of 1000 Hz. The software was 

programmed to provide real-time visual feedback regarding the trunk torque measured by 

the B200 Isostation. 

4.2.2 EMG Electrodes 

Both surface and wire electrodes were used to detect the myoelectric activity of 

the trunk muscles. The surface electrodes were bipolar, pre-gelled electrodes (Classic 

Medical, Muskego, WI). The bipolar wire electrodes were made in-house based on 

methods described by Basmajian and De Luca (1985). For the best mechanical strength 

and stiffness, wire with 10% Iridium- 90% platinum alloy ( Medwire, Mount Vernon, NJ) 

was used. The wire was Teflon-coated with a full coated diameter of 0.0014 inches. To 

make the wire electrode, the 25 em Teflon-coated wire was looped and passed through a 

cannula of 26 G x 3.5" hypodermic spinal tape needle (Baxter Health Care Co., Edison, 

NJ). Then the loop was cut into two pieces of wire. About 2 mm of each wire at the 

distal end of the needle was exposed to a flame in order to burn the Teflon isolation. The 

wires were then gas sterilized according to routine procedures at the Hospital for Joint 

Diseases. 

4.2.3 Procedure 

Subjects were asked to fill out habitual physical activity questionnaires (Baecke et 

at. 1982), demographic and medical forms (see Appendices A and B), and to sign the 

consent form (see Appendix E). The demographic and medical questionnaires were 

reviewed to ensure that the subject satisfied the inclusion criteria. The subject were asked 
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to wear comfortable sport wear and shoes during testing. 

Step 1. Electrode Placement 

Both wire and surface electrodes were used to collect EMG signal from five 

bilateral trunk muscles. Wire electrode was used for the internal oblique (lOB) muscle 

and surface electrode was used for external oblique (EOB), erector spinae (ES), rectus 

abdominis (RA),and latissimus dorsi (LAT) left and right muscles. More detail 

information for the landmark are presented in Chapter II. 

To insure the safety and accuracy of wire electrode placement, the wire electrodes 

were placed using needle biopsy procedure under CT -scan. Upon completion of the 

questionnaire, the subject was scheduled for aCT-scan (CT 9800 HiLight) at the 

Radiology Department of the Hospital for Joint Diseases, New York University. 

Each subject was placed in a supine position on the CT table. Before and during 

the procedure, the subject was instructed to relax and maintain hislher position. The level 

L31L4 was verified from a sagittal plane image of the trunk. Two 10 mm slice thickness 

images were obtained at the L31L4 level in order to optimally localize the internal oblique 

muscles in the transverse plane. This location was marked on the subject's skin with ink 

and radiopaque beads were placed at 1 cm intervals bilaterally in this transverse plane 

above the expected location of the internal oblique muscles. A CT image showing the 

marker beads on the skin allowed a selection of the correct sagittal plane and therefore the 

best point on the skin surface to advance the electrodes. At this level, markers were 

placed on the skin. A CT -scan was then taken at the L31L4 level in the transverse plane. 
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Based on the marker placement and location of the internal oblique muscle, the site of the 

insertion of the wire electrode was selected. 

Following sterile preparation, with CT -scan guidance, the electrodes were slowly 

placed into the internal oblique muscle. No local anesthetic was necessary. Because the 

electrodes could not be pulled back and re-advanced, it was essential to slowly advance 

each needle with repeated CT imaging to check their position. In most cases, the 

electrode reached the mid-third of lOB muscle within a three steps advancement of the 

electrode. Once the electrode reached the mid-third of lOB, the spinal needle was 

removed and the wires were inspected and taped to the body. Figure 4. 1 shows the . 

location of the wire electrode in both left and right lOB muscles. 

Upon the completion of wire electrode placement, the subject was then brought to 

the laboratory. The site of surface electrode placement for four bilateral muscles, EOB, 

RA, ES at the L31L4 level and at the LI-TI2 level for the LAT, was prepared based on 

anatomical considerations, palpation of muscles during contraction, and recommendations 

of previous studies (Gabriel 1992; Ross et aI., 1993; Schmitz, 1992~ Tan et aI., 1993), see 

also Chapter II. 

Step 2. Maximum Voluntary Exertion (MYE) 

The subject was strapped to the B200 Isostation in an upright standing posture 

according to the method described in the B200 User's Manual (Isotechnologies, Inc., 

1988) and the procedure described in previous studies (Gabriel, 1992~ Ross et al., 1993~ 
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Schmitz, 1992; Tan et al., 1993). The subject performed two trials ofMVE of the trunk in 

an upright standing posture in four random directions: flexion, extension, and right and left 

axial rotation. The secondary axes were unlocked during all the trails. The subject was 

asked to reach to hislher MVE and hold it for 3 seconds. Two minutes of rest separated 

each test to avoid fatigue. 

Step 3. Pure and combined exertion 

Based on the MVE values, the computer randomly selected a test from. 

combinations of 0, 30, 60, and 100% of MVE for flexion, extension, and rotation of the 

trunk. To simulate pure and combined exertions, visual feedback was given to the 

subjects. A monitor visually displayed trunk torque output and target torque in the plane 

of sagittal and axial torque. A target torque was set at 0, 30, 60, 100% of MVE trunk 

exertion along one or combination of two axes of the trunk. Each subject was instructed 

to match their output torque to the target torque for at least three seconds. To reduce the 

number of testing conditions and the risk of fatigue, only rotation to the right side is 

considered in this study. No load condition, zero condition along each axis, was repeated 

more than three times. However, these tests were part of the randomization process. The 

zero condition served as a means to calculate the baseline EMG for the normalization of 

the data. Based on the subject's performance verbal feedback was provided. The practice 

trial was continued until the subject felt comfortable with the task and indicated that 

he/she was ready to start the test. 
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4.2.4 Data analysis 

4.2.4.1 Data Reduction 

Based on Equation 1, the three seconds of each trial was selected where the 

subject performed closest to the target torque. The close distance was defined by low 

value of the control index as it was calculated by the following formula: 

Where: 

~(&zgTaqur _&zgT~)2 +(T1U1raqur -Trc:nT~ r 
~(&zgT~)2 +(T1U1r~)2 

(1) 

SagTorque and Tran Torque = The generated sagittal (Sag) and transverse (Tran) torque 

Sag Tag and Tran Tag = The sagittal (Sag) and transverse (Tran) target torque 

F or all ten trunk muscles, the mean of the normalized Root Mean Square of the 

EMG signal (NRMS-EMG) was calculated for the selected 3 second window. Based on 

previous recommendations (Redfern, 1992), the time constant of 50 ms was used for RMS 

calculation. As suggested by Lavender et a1. (1992) and Seroussi and Pope (1987), the 

EMG signal of each muscle was normalized to the maximum and rest value of the muscle. 

In this study, the highest mean NRMS-EMG values among all the trials was selected for 

the normalization procedure. 

4.2.4.2 CT-SCAN 

The CT -scan images were down loaded from the CT -scan unit into the optical 

disks. At the Radiology Department (School of Medicine, New York University, New 

York), the images were converted to 512x512 binary image files. Sigma Scan Pro image 

processing software (Jandel Scientific, San Rafael, CA) was used to process the CT-scan 
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Images. From the CT -scan images, the region of each trunk muscle and the width and 

depth of the subject's trunk was manually selected. Then, software calculated the cross-

sectional areas, and distance of centroid of muscles from the center of the disc. The 

sagittal view of the spine was inspected to insure that the angle of L31IA vertebra with 

respect to the horizontal line was about 900 and that the values measured from these 

images do not need any correction, as suggested by McGill et al. (1993). 

4.2.4.3 Calculation o/Muscle Forces 

Muscle forces and trunk moments were calculated based on the method suggested 

in Chapter III. A ridge regression method (Chapter III) was used to calculate the gain and 

intercept for the flexor and extensor trunk muscles. All calculations were performed for 

the L31L4 level of the lumbar spine. 

To investigate the effect of anatomical geometry on the results of the EMG-driven 

model, three geometrical values were used in the calculation of moments and spinal forces. 

Anatomical values and line of action for Geometry 1 is based on the values reported by 

Granata (1993). This data set is based on assumption that the lOB muscle acts as an 

extensor in the sagittal plane. Geometry 2 is similar to the first geometrical value, with a 

correction to the assumption made with respect to the value ofIOB muscle. The value of 

the lOB lever arm is changed so that the lOB muscle is producing a flexion moment in 

sagittal plane. Geometry 3 represents the geometrical values of the trunk muscles as 

measured from the CT-scans of each in this study. The line of action muscles used in 

Geometry 3 was based on the study by Schultz et al. (1983). 
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4.2.5 Statistical Analysis 

For each subject, the mean of absolute error (the difference between predicted and 

actual moment produced) of trunk moments, compression, and shear forces were 

calculated. Descriptive statistics (the mean and standard deviation) were computed for 

demographic data, absolute error of moments, compression and shear forces. 

The statistical procedure MANDV A of repeated measure design (SAS User's 

Guide, 1985) was used to determine the effect of geometry on the results of the EMG-

driven model of the load on the lumbar spine. If the overall multivariate analysis was 

significant, a univariate analysis (ANOVA) was performed. The Tukey test was 

performed to compare the results of the three anatomical models, to determine if the effect . 

of the univariate test was statistically significant. In this study, statistical significance level 

was set at P<0.05. 

4.3 Results 
The CT-scan and EMG data of6 subjects (4 males and 2 females) was used in the 

analysis. In addition to these subjects, the data from several subjects were collected but 

not included in the data analysis due to different technical reasons related to either 

inadequate CT -scan data (low resolution for separating the muscle or loss of calibration 

information of image), or missing EMG signal due to lost wire or surface electrode signal. 

Mean age, weight, and height were 27.3 (±5.4) years, 68.0 (±6.9) Kg, and 169 

(±8.8) cm, respectively. The scores for index of work, sport, and leisure were 2.40 

(±O.66), 2.95 (± 1.68), and 3.25 (±O.57) respectively. Table 4.1 summarizes the mean and 
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standard deviation of muscle parameters for six subjects. 

For each subject, the mean of absolute error across all the trials was calculated. 

Table 4.2 shows the mean of absolute error of each plane, and mean of spinal forces for all 

subjects. The sagittal moment error was 30.2 (± 6.7) Nm for Geometry 1, and 23.6 (±S.O) 

Nm and 18.2 (± 4.5) Nm for Geometry 2 and 3 respectively. The results of the three 

geometries with respect to transverse and lateral error were very similar. 

The results of Geometry 3 suggest higher anterior-posterior (AP) shear and 

compression forces compared to other geometries but lower lateral shear force. Geometry 

2 indicated lower AP shear force and compression force compared to other geometries. 

The results of the multivariate analysis of variance indicated significant (p<O.OOl) 

effect of Geometry values on the results of the EMG-driven model. The result of 

ANDV A indicated that sagittal error, AP and lateral shear forces, and estimated gains are 

significantly affected by the geometry (Tables 4.2 and 4.3). 

The mean of absolute sagittal error for Geometry 1 was 30.2 (± 6.7) Nm and it 

was significantly different than the other two geometries (see Tables 4.2 and 4.3). Also, 

the shear forces based on Geometry 1 were significantly ( p< 0.01) different than the shear 

forces predicted based on the other geometries. The flexor gain predicted by Geometry 1 

was significantly (p<0.02) different than gain predicted by Geometries 2 and 3. 

Significantly (P<0.01) higher extensor mean was predicated by the Geometry 3 compared 

to other two geometries. 
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Table 4.1. Mean and standard deviation of cross-sectional area and 
lever arm (the distance of the centroid of the muscle with respect to 
the center of the disc) for ten selected trunk muscles at the L31L4 
level of the spine. 

Lateral Anterior- Cross-
Lever Arm Posterior Lever Sectional 

(mm) Arm(mm) Area 
~mm2l 

Left ES 37.32 59.54 2506.79 
(3.81) (4.59) (443.61) 

Right ES 35.49 59.17 2540.37 
(7.94) (5.63) (400.2) 

Left RA 4l.91 74.33 855.81 
(10.12) (13.02) (20l.36) 

RightRA 44.93 75.02 884.83 
(3.0) (15.81) (168.l7) 

Left lOB 108.42 17.81 1458.91 
(1l.13) (8.06) (406.86) 

Right lOB 110.78 19.32 1317.51 
(1l.00) (1l.32) (335.85) 

LeftEOB 12l.2 15.2 1335.25 
(10.83) (10.06) (357.79) 

RightEOB 122.29 16.19 1320.09 
(10.15) (12.02) (239.49) 

LeftLAT 102.56 39.93 193.62 
(11.61) (11.83) (54.46) 

RightLAT 102.53 39.62 215.63 
~10.01l ~14.99l ~52.97l 
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Table 4.2. The result ofEMG-driven model of load on the trunk based on three 
geometrical values and univariate analysis of variance (ANOVA) for mean of 
absolute error of predicted moments and compression and shear forces. 

Geome!!1. 1 Geome!!1. 2 Geome!!1. 3 F'VaIue 
Sagittal Error 30.2 23.6 18.2 0.006 

(Nm) (6.7) (5.0) (4.5) 

Transverse Error 17.3 17.7 15.6 N.S. 
(Nm) (5.7) (7.4) (5.5) 

Lateral Error 11.2 12.0 13.1 N.S. 
(Nm) (5.0) (4.7) (3.7) 

Lateral Shear 159.4 119.7 107.4 0.0204 
(N) (62.6) (36.9) (36.1) 

AP Shear 537.6 371.7 904.9 0.0001 
(N) (275.8) (147.0) (176.5) 

Compression 1723.5 1306.5 1888.7 N.S. 
(N) (796.2) (496.2) (860.9) 

Flexors Gain 1.18 0.81 0.66 0.0105 
(N/Cm 2) (0.57) (0.32) (0.3) 

Extensor Gain 0.31 0.36 0.63 0.0110 
(N/Cm 2) (0.09) (0.12) (0.3) 

Flexors Intercept 0.025 -0.02 -0.02 N.S. 
(Nm) (0.04) (0.02) (0.2) 

Extensor Intercept -0.03 0.03 -0.16 N.S. 

~m2 !0.06) !0.062 !0.33~ 
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Table 4.3. The significance level of the Tukey multiple comparison test for main effect 
geometry on absolute error of predicted moments and compression and shear forces of the 
trunk. 

Geometry Geometry Geometry 
1-2 1-3 2-3 

Sagittal Error 1>2 1>3 N.S. 
0.04 0.001 

Lateral Shear 1>2 1>3 N.S. 
0.0311 0.0083 

AlP Shear 1>2 1<3 1<3 
0.042 0.0004 0.0001 

Flexion Gain 1>2 1>3 N.S. 
0.0256 0.0037 

Extension Gain N.S.- 1<3 2<3 
0.0049 0.0149 

4.4 Discussion 

Table 4.1 shows that the lOB and EOB muscles have both a large cross-sectional 

area and lever arm. This suggests that the oblique abdominal muscles can provide a large 

moment along the trunk axis. One can assume that biomechanical models of the trunk 

should be sensitive to the moments produced by the oblique muscles. 

EMG-driven models of the trunk have been used to estimate the moments 

produced by the trunk muscles (Granata, 1993; Marras and Mirka, 1992). These models 

are sensitive to both the geometrical description of muscles and the amplitude of EMG 

activity. The anatomical geometry of muscles in previous studies were either measured 

from CT -scan and or MRI images, or from reported values in the literature. The classical 

references for trunk muscles geometry are Dumas et aI., (1991), Tracy et ai. (1989), and 
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Schultz et al. (1983). Dumas et al. (1991) reported line of action, cross-sectional area, 

and lever arm of trunk muscles based on a study of 3 cadavers. Tracy et al. (1989)· 

reported cross-sectional area and lever arm of trunk muscles based on a study of 25 

cadavers. However, some values reported in their study are based on a smaller number of 

specimens, for example, the LAT muscle geometrical values at level of L31L4 is based on 

a single cadaver. 

The validity of the EMG signal depends on the reliability of verifying the muscle 

site, the available space for electrode placement, the distance of this landmark from other 

• muscles, and other issues that effect the quality of the EMG signal, i.e., skin preparation 

and underlying fat. There is a consensus with respect to the electrode placement for the 

EOB, RA, ES, and LAT (Granata, 1993; Marras and Mirka, 1992; Schultz; 1983). 

However, two sites have been suggested in the literature for monitoring the myoelectrical 

activity of the lOB muscles: a) the anterior triangle (Floyd and Silver, 1950), and b) the 

posterior triangle known as the lumbar triangle (Marras and Mirka, 1992; Marras and 

Mirka, 1990; Mirka and Marras, 1993). Both of these triangles represent an area of the 

lOB muscle that is not covered by the EOB muscle. The myoelectrical activity of lOB 

muscle is therefore suggested to be monitored by surface electrodes from these sites. 

The anterior triangle is defined as the area between the inguinal ligament,' a line 

from the anterior superior iliac spine to the umbilicus and midline of abdomen. This site 

was suggested by Floyd and Silver (1950) and has previously been used by several 

researchers (Basmajian and De Luca, 1985; Snijders et aI., 1995). The lumbar triangle is 

the area between iliac crest, posterior end of the EOB muscle, and the lateral border of 
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LAT muscle (O'Rahilly, 1986; Williams et a1., 1989). The studies that used the lumbar 

triangle reported that myoelectrical activity of the lOB muscle at this site indicated that 

the muscle acts as an extens'or, and combination of the lOB moments to total trunk 

moments should be adjusted accordingly. A careful inspection of the model fonnulation 

and anatomical values used in these studies suggests that the extensor-like contribution of 

lOB muscles achieved by assuming the lever arm of the muscle is on the posterior side of 

the trunk, and therefore it takes the same sign as the extensors muscle (Granata 1993, 

Marras and Mirka, 1992). 

An inspection of the CT -scan images gathered in this study raises concern with 

respect to the use of the lumbar triangle as a site for electrical activity of the lOB muscles. 

According to anatomical textbooks (O'Rahilly, 1986; Williams et aI., 1989) the lumbar 

triangle should be similar to that shown in Figure 4.1. In this study, however, in most 

cases the textbook definition of the lumbar triangle at L31L4 was not correct. In some 

cases, the posterior end of the lOB and EOB muscles at the L31L4 level end together, see 

Figure 4.2. In other cases the triangle was covered by other muscle, see Figure 4.3. Such 

anatomical variation suggests that this landmark is not reliable to monitor electrical 

activity oflOB muscles. 

No information is available in the literature with respect to the size of the lumbar 

triangle. Our dissection of one cadaver suggests that the size of the lumbar triangle in an 

average sized man is too small for placements of a pair of electrodes 2 em apart, as 

recommended in the literature (Basmajian and De Luca, 1985), (see Figure 4.4). 
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Generally the lumbar triangle is covered with layer of fat. Inspection of CT -scan 

images indicates that any electrode placed on the skin above the lumbar triangle would be 

more than 2.5 cm from the muscle. Furthermore, the electrode would be at a relatively 

equal distance from the EOB, ES, and LAT muscle. This explains the cross-talk between 

EMG activity of the EOB and ES muscles, as observed in previous studies using this 

landmark (Marras and Mirka, 1990; Marras and Mirka, 1992). 

To demonstrate the sensitivity ofEMG-driven models to the anatomical geometry 

of the trunk muscles in general and, more specifically, to the lOB muscle, the results of 

three anatomical data sets were compared: 1) an anatomical description of trunk muscle as 

by Granata (1993), in which the internal oblique was considered to be extensor, 2) using 

the same anatomical data as described by Granata (1993) with a modification to the lever 

arm of the lOB muscles under the assumption that the muscle acts as a trunk flexor; and 

3) using the anatomical description of the trunk muscles as they were measured from CT­

scan images of subjects and the assumption that lOB muscles is functioning as a flexor 

muscle in sagittal plane .. 

Tables 4.2 and 4.3 demonstrate that the EMG-driven models of spine are sensitive 

to the geometrical description of trunk muscles and, more specifically, to the assumption 

made with respect to lOB muscles. The variation between the results of Geometries 1 and 

2 in Table 4.2 is solely a reflection of the assumptions made with respect to the role of the 

lOB muscle in the sagittal plane. The result of Geometry 1 indicates a higher mean of 

absolute error for the sagittal plane. The means of absolute error for the lateral and 

transverse planes were not significantly different, since the variation in anatomical 
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Figure 4.4. Image of the lumbar triangle with a surface electrode shown over the triangle. 
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geometry was oruy with respect to the sagittal plane. The gain for the trunk flexor 

muscles based on Geometry 1 is higher than the values reported in the literature. . 

The diff~rence between the results of Geometries 2 and 3 is mainly the reflection of 

the sensitivity of the EMG-driven models to the accuracy of the anatomical data and the 

method of measurement of these values. A review of the literature suggests a low 

correlation among anthropometric variables and lever arm and cross-sectional area of the 

trunk muscles. Any error in the prediction of these values will directly effect the moment 

generated by the muscle and ultimately the net trunk moments, spinal forces, and gain 

calculated by a model. 

The existing method of calculating the cross-sectional area and lever arm of the 

trunk muscles is only sensitive to the width and depth of the trunk. Variations among 

subjects in the trunk width and depth can affect the muscle cross-sectional area and lever 

arms. Therefore, one can not assume that two subjects with the same trunk size, an 

athletic individual (well-developed muscles and minimum skin fat) and a sedentary 

individual (small muscle mass and high skin fat), will have the same cross-sectional area 

and lever arm for the trunk muscles. Since these two individuals provide different levels 

of moments along each axis, the EMG-driven model will result in either a prediction of 

high gain value for the athletic individual or an underestimation of the moments and shear 

forces. This hypothetical case will demonstrate the shortcomings of statistically based 

geometry calculations and suggest a method for increasing the reliability of these values 

for use in biomechanical models. 

Geometrical data collected from CT -scan or MRI images are more accurate in this 
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respect. However, many other issues might affect the accuracy of the geometrical values 

gathered by these imaging techniques. In this study as well as other studies with CT -scan 

(Tracy et aI., 1989) or MRI (Guzik et al~ 1996), it is not always easy to distinguish the 

lOB, EOB, and LAT muscles at a the posterior site. 

In most cases, the data gathered from these imaging techniques need to be 

corrected for viewing angle, as was suggested by McGill et ai. (1993). In this study, we 

found the image with respect to the L31L4levei to be very small (less than 3 degrees), and 

therefore no correction was made to the cross-sectional area and lever arm of the muscles. 

This is similar to the findings of Tracy et ai. (1989), that reported -1.3 (±3.3) degrees for 

the L31L4 level angle. 

The cross-sectional area and lever arm of the muscles change significantly at the 

level of analysis with respect to the spine. Previous studies report a significant shift of 

centroid of the trunk muscle at different levels of the spine. In this study, we observed 

situations in which the cross-sectional area of the RA muscle for a subject was very small 

at the L31L4 level, and a few millimeter shift of the level of CT -scan image along the 

longitudinal axis of the L31L4 vertebrae trunk provide a reasonable cross-sectional area 

for this muscle. The only explanation for this observation was that the image at L31L4 

level provided information about the tendinous intersection of the RA muscle. These 

issues, as well as others, such as the posture selected for imaging (McGill et aI., 1996), 

need to be standardized in order to insure the accuracy of the data collected by these 

imaging techniques. 
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4.5 Conclusion 

The cost of imaging techniques such as CT -scan and MRI may not be justified for 

further biomechanical studies. However, at this early stage of biomechanical modeling, 

these imaging techniques are the only means of gathering information and formulating 

accurate assumptions about the anatomical geometry of the human body. 

In an attempt to demonstrate this fact, we looked at the role of the lOB muscle in 

the formulation of the biomechanical models of the trunk and the assumptions made with 

respect to the role of this muscle. The result of this study shows the sensitivity of the 

sagittal moment, shear forces, and gains predicted by the EMG-driven models to the 

geometrical parameters of the trunk muscles used in these models. 
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Chapter V 

Conclusion and Future Studies 

Epidemiological studies indicate that a combination of heavy external load and 

asymmetrical movement patterns cause a high internal load on the spinal structures and an 

increase in the risk of low back pain. Biomechanical studies indicate that the internal loads 

increase as the magnitude of external load increases or the net external load moves away 

from the sagittal plane and becomes an asymmetrical exertion. Summaries of these studies 

are presented in Chapter I. Two types of asymmetrical exertion can be assumed: 

asymmetrical exertion within a symmetrical posture and asymmetrical exertion within an 

asymmetrical posture. It is important to interpret the literature in light of the nature of 

asymmetrical exertion studied by the investigators. 

In the prevention of low back pain and injury, it is essential to have a reliable 

estimate of risk for low back injury. This estimate requires clear understanding of the 

tasks and the individual's method of performance. Several methods were discussed in 

Chapter II and IV and the limitations of these methods were noted. The method and tools 

required for estimating the risk depends on: a) the reliability and validity required for the 

estimated risk, 2) the simplicity of gathering necessary information, and 3) the sensitivity 
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of the model with respect to an error in the collection of information. 

The EMG-driven models provide a better estimate of the internal forces for 

asymmetrical exertion of the trunk. Most of our knowledge regarding internal forces 

during asymmetrical exertion is based on studies that investigated internal spinal load 

during dynamic activities. The internal loads were estimated via EMG-driven models of 

the trunk. These studies provide a general understanding of human performance during 

asymmetrical posture. However, in interpreting the data provided by these studies, several 

concerns are raised in relation to the methodology and assumptions made in these models. 

The biomechanical models are sensitive to anatomical data. Change in the centroid 

of the muscles, the lever arm, the cross-sectional area of the muscles, and the line of action 

of the muscle can directly affect the force produced by the muscle. The sum of these 

muscle forces provides information about total spinal force and the risk of injury. During 

dynamic trunk activity, the muscle parameters are continuously changing and ultimately 

there is currently no method of measuring or estimating these changes. Previous 

investigators used fixed values for these geometrical data and assumed that the movement 

through the range of motion would not affect these parameters. This is inconsistent with 

the existing information in the literature. 

High spinal forces during the dynamic asymmetrical activity shown by these studies 

is partially due to a change of posture and thereby to changes in muscle alignments, and 

partially due to changes in net resultant moments. The aim of this study was to investigate 

the effect of changes in the magnitude and angle of the net resultant force on the EMG 
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activity of trunk muscles and the internal spinal forces during upright pure and combined 

isometric trunk exertion. 

The testing protocol of this study was based on a static, upright standing posture 

where only the magnitude and direction of net external trunk moments were manipulated. 

The direction of the net resultant moment was defined to simulate two symmetrical and 

three asymmetrical trunk exertions. The symmetrical exertions were pure sagittal exertion 

in the flexion and extension direction. The asymmetrical trunk exertions were simulated 

by exerting combined sagittal and transverse moments. The study demonstrated the effect 

of magnitude and direction of net resultant moment on the NRMS-EMG activity of ten 

trunk muscles. Three conclusions were drawn from the results of the data presented in 

Chapter III: 

1. Ten selected trunk muscles were significantly affected by the magnitude and 

direction of the net resultant moment. 

2. The NRMS-EMG of trunk muscles were higher during combined trunk 

exertion compared to pure exertion. 

3. The controllability and capability of high magnitude trunk moments were 

significantly affected by the direction of the net resultant moment. 

Chapters III and IV utilized the EMG-driven models to estimate the spinal force 

under pure and combined trunk exertion. An attempt was made to investigate the 

sensitivity of these models to the assumptions made with respect to geometrical and 

mathematical formulations. 

Chapter III indicates that the results of the EMG-driven models of the trunk were 
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significantly affected by the assumptions made with respect to the anatomical muscle 

parameters. 

Chapter IV demonstrates that the spinal forces estimated by these models will 

significantly affect the assumptions related to the formulation of muscle force. Previous 

EMG-driven models assumed a linear EMG-force relationship. Furthermore, the intercept 

of this linear line was assumed to be zero. The shortcomings of this approach are 

discussed in Chapter IV. The results of spinal forces based on this approach were 

compared to other approaches where the intercept takes a non-zero value. 

The new method of calculating the slope and intercept of the EMG-force relation 

has been discussed in Chapter IV. The main advantage of this method is the possibility of 

calculating the gain and intercept for each trunk muscle or a group of muscles with similar 

function. 

The results of Chapters III and IV raise some concerns about the interpretation of 

the results of EMG-driven models. Previous studies presented the validity of their results 

by inspecting the value of estimated gain and the correlation coefficient of the predicted 

and measured moments. The correlation coefficient only provides information with 

respect to a similarity in patterns of predicted and measured moments. An error on the 

magnitude of predicted moments will not have an effect on the correlation coefficient. 

Chapter IV presents the results of three different methods of formulating EMG-driven 

models. All three methods estimated the gain value within the physiological range 

reported in the literature. However, significantly different spinal forces were estimated by 

these models. 
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Since internal forces on the spinal structures cannot be measured directly, there is 

no method for measuring the validity of one model compared to others. The results of the 

EMG-driven models should be interpreted based on: a) the validity of assumptions made 

in the formulation of the models, b) the accuracy of the predicted moments, c) the gain 

value estimated by the model, and d) that the spinal forces do not exceed the tissue's 

threshold. 

5.1 Limitations and Future Research 
The EMG-driven models assume that the calculation of spinal force at the level of 

L31L4 vertebrae is the best representation of lumbar spine forces. In addition, these 

models assume that the EMG activity of the muscles and the forces estimated based on 

EMG activity is uniform throughout the muscle, and that EMG signals collected at the 

L31L4 level are a reasonable representation of muscle activity. In our study as well as 

other studies, these assumptions are made based on practical limitations. In the future, 

more comprehensive data from the trunk muscle region should be collected and analyzed. 

The results of this study cannot be generalized due to small sample size. Fifteen 

subjects were used in the first phase of the study (Chapter I), but we were only able to 

analyze 6 subjects in the second phase of the study (Chapters II and IV). Nine subjects 

were not included in the second phase due to technical reasons, including: a) in process of 

removing the needle, the wire came out by the needle rather than stay in the muscle, b) 

poor EMG signals were collected due to loss of contact, and c) the resolution of the CT­

scan images was low and it was impossible to distinguish the muscle borders. Future 
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work should focus on the improvement of these techniques to eliminate the risk of losing 

necessary information. 

In this study, we assumed a linear EMG-force relationship. The effect of a 

nonlinear EMG-force relation should also be studied. The formulation of ridge regression 

in Chapter ITI can be expanded for this purpose. 

EMG-driven models are sensitive to the anatomical parameters of the trunk 

muscles. The subject-specific muscle parameters should always be used in EMG-driven 

models. CT -scan images were used in this study to measure the cross-sectional area and 

lever arm of the ten trunk muscles. This is a relatively expensive method that has 

limitations in its use and availability. Due to the low resolution of the CT-scan images, 

image processing techniques fail to select the region of muscle properly. The region of 

muscles needs to be manually selected. Ifpossible, a less expensive and simpler technique 

should be used in the future to measure these parameters. 

We selected the line action of muscle based on the data available in the literature. 

There is no method ofinspecting the validity of the existing data. One can assume that the 

results of EMG-driven models are sensitive to the accuracy of these values. The current 

information is based on a limited number of cadavers. The validity of this data and its 

possible effects on the EMG-driven models should be evaluated in the future. 

Our study was limited to isometric, upright trunk exertion. The main concern in 

our study was to eliminate the possible errors due to a change of muscle alignment. We 

limited our study to ten selected trunk muscles and did not include all trunk muscles. 

Future work should concentrate on the refinement of these models and the improvement 
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of methods used for acquiring data and estimating forces under dynamic conditions. 

5.2 Application 
Epidemiological studies have identified several risk factors associated with LBP. 

This association was established based on statistical methods. The EMG-driven models 

provide a means to investigate the cause and effect relationship between these risk factors 

and low back injury. 

The present study provides both theoretical and methodological improvements for 

EMG-driven models. The refinements of these models enhances our understanding of 

human performance. Based on these models, prevention techniques can be designed to , 

reduce the risk of low back injury during manual material handling and other demanding 

tasks for the back. 

In clinical settings, the EMG-driven models provide a tool for investigating the 

effect of clinical or rehabilitation guidelines based on the physical condition of the patient. 

Based on the result of these models, new treatment techniques and exercises can be 

designed, and the efficacy of treatment protocols can be evaluated. 

The results in Chapter II have special applications for ergonomic job evaluation 

and job design. It was demonstrated that controllability and capability of trunk exertion 

decreases as the task becomes asymmetrical. Furthermore, the capability of planar 

exertion cannot be used as an indication for the capability of the individual during 

combined exertion. This has implications for therapists and physical therapists, as well as 

for ergonomists who are involved in occupational rehabilitation (work hardening), return 

to work evaluation for patients, and job evaluation. 
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Appendix A 

Demographic and Medical Data Sheet 

1. NAME OF PARTICIPANT: _________ _ 

2. I.D. NUMBER: _____________ _ 

3. DATE OF EXAMINATION: _________ _ 

4. AGE (in years): _____________ _ 

5. Date of Birth (mon. day, year): _________ _ 

6. WEIGHT (in kilogram): ___________ _ 

7. HEIGHT (in centimeter): __________ _ 

8. HAND DOMINANCE: Right __ _ Left 

9. OCCUPATION: (primary) __________ _ 

(Other) 

10. EMPLOYMENT OR OCCUPATION STATUS: 

__ Employed or Working Full Time 

__ Employed or Working Part Time 

__ Temporarily Employed or Working 

__ Not Employed or Working 

Retired 

11. mGHEST EDUCATIONAL LEVEL YOU HAVE COMPLETED: 

Grade School 

__ Some High School 

__ High School Graduate 

__ Some College 

__ College Graduate 

Some Graduate School 

__ Graduate Degree 
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Name: ------------------------

12. MEDICAL mSTORY: 

a) What is your general health? 
Excellent 

__ Very good 
Good 
Fair 
Poor 

b) Do you smoke? 
YES NO 
If yes, how much per day? ______________ _ 

c) Do you suffer from any of the following? 
(Check all items that applies to you). 

Arthritis 
Thin or weak bones 

Heart Disease 
Heart Attack 

Chest pain 
High blood pressure 

Diabetes 

Hernia 
Peptic ulcer 

Frequent or recurrent headaches 
Dizziness or vertigo 

Ringing in the ear 
Fainting spells 

Loss of consciousness 
Convulsions or seizures 

Double vision 
Loss of visual field(s) 

Numbness or tingling sensations 
Difficulty in breathing 

Paralysis 
Uncontrollable movements 

Difficulty in walking 
Difficulty in speaking 
Loss of bowel control 

Loss of bladder control 
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Name: --------------

Other medical condition(s) yes__ No __ 
If yes, please specify _______ __ 

d) Are you on any medication? 
YES NO 
If yes, please specify medication and reason for taking it _______________ _ 

e) In the past six months, did you have any low back pain Significant enough to interfere with your 
work or daily activities? 
YES NO 
Ifyes,when? ________________________________ __ 

f) Do you have any history of low back injury or low back surgery? 
YES NO 
If yes, please specify date and type of injury or surgery __ 

g) Did you ever have any whiplash injury? 
YES NO 
If yes, please specify date and type ofinjury ___________________ _ 

h) Have you been hospitalized for broken bones? 
YES NO 
If yes, please specify part of the body and date of injury ______________ _ 

i) Do you have any type of muscle weakness? 
YES NO 
If yes, how can you describe it? ____________________________ _ 

j) Do you suffer from any neurological 

k) Do you have any family history of neurological or muscular problems? 
YES NO 
If yes, please specify _________________________ _ 
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Name: -----------------------

I) Did you ever have injury or operations or both on any of these body parts? 
YES NO 
If yes, please specify the date, the extent, and the presence of any residual problems. 

Date Extent Residual Problems 
Lower limbs 

Upper limbs 

Neck 

Back 

Head 

m) Are you aware of any other physical condition(s) that may affect your safe completion of this study? 
YES NO 
If yes, please specify ________________________________________ _ 
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APPENDIXB 

HABITUAL PHYSICAL ACTIVITY QUESTIONNAIRE 

Name: ---------------------
Date:. ___________ _ 

Main Occupation: ____________ __ 

Diredtions: On the blank space preceding each question, please write the number corresponding to 
the best answer. Some of the questions are repetitious for good reasons. Please bear 
with us and answer as best as you can. 

___ WI. lHE PHYSICAL ACTIVITY LEVEL OF MY MAIN OCCUPATION IS: 
I) Low (i.e., clerical work, shopkeeping, driving, teaching, studying, housework, medical 
practice, and all other occupations with a university education) 
2) Medium (i.e., factory work, carpentry, plumbing, and farming) 
3) High (i.e., dock work, construction work, and sport) 

W2. AT WORK I SIT: 
1) never 2) seldom 3) sometimes 4) often 5) always 

W3. AT WORK I stand: 
1) never 2) seldom 3) sometimes 4) often 5) always 

W4. ATWORKIWALK: 
1) never 2) seldom 3) sometimes 4) often 5) always 

WS. AT WORK I LIFT REA VY LOADS: 
1) never 2) seldom 3) sometimes 4) often 5) always 

W6. ATWORKlkMTIRED: 
1) always 2) often 3) sometimes 4) seldom 5) never 

W7. AT WORK I SWEAT: 
1) always 2) often 3) sometimes 4) seldom 5) never 

___ W8. IN COMPARISON wrrn OlHERS OF MY OWN AGE, I TIllNK MY WORK IS 
PHYSICALLY: 

1) very often 2) often 3) sometimes 4) heavier 5) much heavier 
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___ SI. DO YOU PLAY A SPORT? 
1) Yes 2) No 

IF YOU PLAY A SPORT: 
WHAT IS YOUR PRIMARY OR MOST FREQUENTLY PLA YEO SPORT? 

___ TIIE PHYSICAL INTENSITY LEVEL OF MY PRIMARY SPORT IS: 
1) low (e.g., billiards, sailing, bowling, and golf) 
2) medium (e.g., badminton, cycling, dancing, swimming, tennis, and middle distance 

running) 
3) high'(e.g., boxing, basketball, football, rugby, rowing, and long distance running) 

___ IN A WEEK, I PLAY MY PRIMARY SPORT: 
1) less than I hour 
2) 1-2 hours 
3) 2-3 hours 
4) 3-4 hours 
5) more that 4 hours 

___ IN A YEAR, I PLAY MY PRIMARY SPORT: 
1) less than 1 month 
2) 1-3 months 
3) 4-6 months 
4) 7-9 months 
5) more than 9 months 

IF YOU PLAYA SECOND SPORT: 
WHATISYOURSECONDSPORT? ____________________________ ___ 

___ TIIE PHYSICAL INTENSITY LEVEL OF MY SECOND SPORT IS: 
1) low (e.g., billiards, sailing, bowling, and golf) 
2) medium (e.g., badminton, cycling, dancing, swimming, tennis, and middle distance 

running) 
3) high'(e.g., boxing, basketball, football, rugby, rowing, and long distance running) 

_____ IN A WEEK, I PLAY MY SECOND SPORT: 
1) less than 1 hour 
2) 1-2 hours 
3) 2-3 hours 
4) 3-4 hours 
5) more that 4 hours 

_____ IN A YEAR, I PLAY MY SECOND SPORT: 
1) less than 1 month 
2) 1-3 months 
3) 4-6 months 
4) 7-9 months 
5) more than 9 months 
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___ S2. IN COMPARISON WITII OTHERS OF MY OWN AGE I THINK MY PHYSICAL 
ACTIVITY DURING MY LEISURE TIME IS: 

1) much less 2) less 3) the same 4) more 5) much more 

___ S3. DURING MY LEISURE TIME I SWEAT: 
1) very often 2) often 3) sometimes 4) heavier 5) much heavier 

1) never 2) seldom 5) very often 

__ --'u. DURING MY LEISURE TIME I WATCH TELEVISION: 
1) never 2) seldom 3) sometimes 4) often 5) very often 

1) never 2) seldom 5) very often 

__ --'L3. DURING MY LEISURE TIME I CYCLE (INCLUDING STATIONARY CYCLING): 
1) never 2) seldom 3) sometimes 4) often 5) very often 

___ L4. HOW MANY MINUTES DO YOU W ALKIOR CYCLE PER DAY TO AND FROM 
WORK, SCHOOL AND SHOPPING? 
1) less than 5 minutes 
2) 5-15 minutes 
3) 16-30 minutes 
4) 31-45 minutes 
5) more than 45 minutes 
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APPENDIXC 

HABITUAL PHYSICAL ACTMTY QUESTIONNAIRE 
SCORE CALCULA nON 

The following calculations are based on Baecke et at. (1982): 

1. Calculation of scores of the work index of physical activity: 

W kInd 
WI + (6-W2) + W3+ W4 +W5 + W6 +W7 + W8 

or ex =---:.....--...:...---------------

where: 

8 

WI = I if answer to question WI is I 
= 3 if answer to question WI is 2 
= 5 if answer to question WI is 3 

W2, W3, W4, WS = I if answer is I 
= 2 if answer is 2 
= 3 if answer is 3 
= 4 if answer is 4 
= 5 if answer is 5 

W6, W7, W8, = 5 if answer is I 
= 4 if answer is 2 
= 3 if answer is 3 
= 2 if answer is 4 
= I if answer is 5 

II. Calculation of sport index of physical activity: 

Where: 

Sls+ S2 +S3 + 54 
Sport Index = 

4 

2 

SIs = L (Intensity x Time x Proportion) 
;=1 

To determine the intensity equivalent score (Sla or SIb), the following numbers was substituted for the 
corresponding test scores: 

0.76 
1.26 
1.76 

for intensity score of I (Le., low intensity sports); 
for intensity score of 2 (Le., medium intensity sports); or 
for intensity score of 3 (Le., high intensity sports). 
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To determine the weekly frequency equivalent score (Wa or Wb), the following numbers was substituted 
for the corresponding test scores: 

0.5 
1.5 
2.5 
3.5 
4-.5 

for weekly frequency score of 1 (i.e., less .than 1 hour); 
for weekly frequency score of2 (Le., 1-2 hours); 
for weekly frequency score of 3 (i.e., 2-3-hours); 
for weekly frequency-score of 4 (i. e., 3-4 hours); or 
for weekly frequency score of 5 (Le., > 4 hours). 

To determine the yearly frequency equivalent score, the following numbers was substituted for the 
corresponding test scores: 

0.04 
0.17 
0.42 
0.67 
0.92 

for yearly frequency score of 1 (i.e., less than 1 month); 
for yearly frequency score of 2 (Le., 1-3 months); 
for yearly frequency score of 3 (Le., 4-6 months); 
for yearly frequency score of 4 (i.e., 7-9 months); or 
for yearly frequency-score of 5 (Le., > 9 months). 

If the subject do not playa sport (.i.e., those who answered (2) to item 51) the 51c score is zero. 

Value of 52 and 53 will be calculated similar to W3, and 54 will calculated similar to W6. 

m. Calculation of Leisure index indices of physical activity: 

Le
' I d (6-Ll)+L2 + L3 + L4 Isure n ex = 

4 

Where Ll to L4 scores \\;11 calculated similar to W3 and W4. 
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Appendix D 

Mean and Standard Deviation of EMG-RMS Data 

Table 0.1. Means and standard deviations for NRMS-EMG of left and right EOB 
muscle for three levels (3~, 60, and 100 % MVE} and angles of net resultant 
moment (-45,0,45,90, 135, 225) exertion. 

Right Left 
30% 60% 100% 30% 60% 100% 

-45 Mean 85.87 72.77 
SO 24.87 20.9 
n 15 15 

0 Mean 17.12 45.05 82.24 15.88 39.79 75.89 
SO 9.08 19.05 26.48 8.96 16.35 26.71 
n 14 15 15 15 15 15 

45 Mean 14.68 46.64 70.89 19.55 64.85 87.88 
SO 8.75 19.57 24.89 10.31 21.64 19.67 
n 15 14 15 15 15 15 

90 Mean 7.74 18.96 30.16 8.46 24.75 47.02 
SO 7.39 14.23 17.65 6.27 15.14 25.31 
n 15 15 14 15 15 15 

135 Mean 6.8 20.88 31.36 6.62 22.48 35.24 
SO 4.35 13.32 11.69 4.51 15.72 14.36 
n 15 15 14 15 15 15 

180 Mean 3.48 7.55 17.42 3.48 7.24 16.91 
SO 2.09 5.08 9.41 2.61 5.9 12.28 
n 15 15 14 15 15 15 

225 Mean 45.34 31.72 
SO 23.58 21.97 
n 14 15 
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Table 0.2. Means and standard deviations for NRMS-EMG of left and right lOB 
muscle for three levels (30, 60, and 100 % MVE) and angles of net resultant 
moment (-45, 0, 45, 90, 135, 225) exertion. 

Right Left 

30 60 100 30 60 100 
-45 Mean 56.31 86.26 

SO 24.18 19.93 
n 12 11 

0 Mean 14.6 45.59 62.47 15.03 28.95 62.72 
SO 12.15 20.16 21.99 7.59 13.38 24.61 
n 12 11 12 11 13 12 

45 Mean 17.7 53.49 80.63 10.78 37.87 53.71 
SO 7.01 20.12 18.74 7.78 17.9 26.79 
n 12 12 12 13 12 13 

90 Mean 15.71 36.64 74.29 7.1 24.23 39.63 
SO 16.12 17.17 25.67 9.1 15.2 18.72 
n 12 12 11 13 12 12 

135 Mean 13.4 31.53 54.04 4.65 14.81 26.71 
SO 10.21 14.54 20.01 3.53 11.01 16.4 
n 12 12 12 12 12 12 

180 Mean 3.83 11.07 17.93 7.17 11.75 23.58 
SO 5.26 15.44 10.77 5.28 12 15.41 
n 12 12 12 13 12 12 

225 Mean 31.33 68.45 
SO 21.8 28.22 
n 12 12 
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Table 0.3. Means and standard deviations for NRMS-EMG of left and right RA 
muscle for three levels (3~, 60, and 100 % MVE) and angles of net resultant 
moment (-45,0,45,90, 135,225) exertion. 

Right Left 
30 60 100 30 60 100 

-45 Mean 88.22 81.3 
SO 14.82 19.33 
n 14 14 

0 Mean 11.59 44.76 79.68 13.29 43.18 91.09 
SO 6.11 19.17 26.34 5.14 15.35 14.72 
n 15 14 14 15 15 15 

45 Mean 12 53.96 77.54 13.35 49.54 73.14 
SO 6.34 24.53 21.48 6.65 14.87 22.28 
n 14 14 15 15 15 15 

90 Mean 2.47 10.42 13.4 2.17 6.32 15.61 
SO 2.61 18.29 7.39 2.06 5.24 10.64 
n 14 15 15 15 15 15 

135 Mean 4.75 6.75 9.88 1.72 5.2 8.81 
SO 11.04 5.44 5.44 1.7 4.3 4.84 
n 15 13 15 15 15 15 

180 Mean 2.09 2.87 6.04 0.91 2.56 5.51 
SO 3.7 3.26 6.05 0.72 3 3.77 
n 15 15 14 15 15 15 

225 Mean 8.41 10.8 
SO 5.11 4.99 
n 15 15 
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Table 0.4. Means and standard deviations for NRMS-EMG of left and right ES 
muscle for three levels (30, 60, and 100 % MVE) and angles of net resultant 
moment (-45, 0, 45, 90, 135, 225~ exertion. 

Right Left 
30 60 100 30 60 100 

-45 Mean 10.66 21.59 
SO 4.03 24.94 
n 15 15 

0 Mean 1.09 3.01 11.78 1.32 10.25 14.86 
SO 1.94 2.05 12.1 2.02 25.98 23.9 
n 15 ·15 14 15 14 15 

45 Mean 5.52 9.56 15.11 1.59 5.66 10.93 
SO 7.54 8.86 10.95 1.31 2.81 7.67 
n 15 15 15 15 15 15 

90 Mean 11.78 18.14 27.05 9.98 14.84 24.19 
SO 5.56 10.99 11.44. 5.59 11.52 17.52 
n 15 15 15 14 15 15 

135 Mean 26 54.63 88.17 24.88 58.21 80.47 
SO 6.94 16.94 13.47 11.6 25.28 20.29 
n 15 15 15 15 14 14 

180 Mean 28.46 46.36 77.05 24.35 46.72 73.26 
SO 8.82 10.82 16.47 10.98 19.1 23.88 
n 15 15 15 15 15 14 

225 Mean 84.43 79.84 
SO 16.56 24.71 
n 15 14 

146 



Table 0.5 Means and standard deviations for NRMS-EMG of left and right LAT 
muscle for three levels (30, 60, and 100 % MVE) and angles of net resultant 
moment (-45,0,45,90, 135,225) exertion. 

Right Left 

30 60 100 30 60 100 
-45 Mean 9.67 71.7 

SO 19.65 28.54 
n 14 15 

0 Mean 2.08 3.74 20.4 3.93 5.29 27.81 
SO 2.67 6.24 20.98 4.38 6.23 24.96 
n 14 14 14 15 15 15 

45 Mean 12.77 32.84 66.09 2.85 7.06 10.78 
SO 11.81 23.17 29.16 5.09 11.18 15.22 
n 14 14 14 15 15 15 

90 Mean 10.51 28.72 72.72 1.68 5.87 9.75 
SO 9.21 16.22 15.88 1.49 11.26 12.14 
n 14 14 14 15 15 15 

135 Mean 12.25 40.12 75.97 5.46 17.41 30.44 
SO 8.68 21.14 29.27 6.34 24.05 25.31 
n 14 14 14 15 15 15 

180 Mean 5.95 15.89 32.2 7.66 16.93 33.68 
SO 4.57 14.06 28.73 5.19 13.45 23.68 
n 14 14 14 15 15 15 

225 Mean 27.1 81.85 
SO 29.3 24.74 
n 14 15 
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Appendix E 

Consent form Hospital for Joint Diseases 

ORTHUI"ACU',- ,,..., III ... I C 

U~N&Aa &""N50N III.A,V., :101 EAST 11TH 51111[1' 
NEW YORK. HEW YCIIIIC ,_ 

Validily of rurf~ce elcctrode far manllana~ 
E!>ICi aCllvilY ai Ihe lII't:'ll~1 ociique musde 

::·103 

INSTRUCTIONS 
TYPE IN LAY TE;;MS THE NATUFiE ANO FUFiFOSES OF iHE STUOY, iHE OURATION OFTHE SUeJEC~S FA;;iICIFAiICN il-;= 
eENE:--;rS, ;;151<5 ANO OISCOMFOFiTS OF THE F~OCEuURESfiESTS ANO/OR OFiUGSiOEVICES iO SE USEu, iHE ;;ECUIl::'; 
MENTS (SAMFL.E CCU.E·:iIONS, SIOFSIES, QUESTIONNAIRES, ETC.) ANO FiES,"lcnCNS (01:', :'C.) AND DISC~CSE ::~. 
F~OFFiIATE ALTEi'iNAiIVE i;;E,.I,TMeNi. FFiOVIDE iHE NAMES OF F£.~ONS iO CONiACi ;:CF. CU;!:iiCNS AEClJi ~l":; 
SruDY AND IN CASE OF F.;SE.:';;CH·;;E~:..TED INJUFiY. 

l. afree :0 be ~ "olunleer subJccI III the proJecl tl1uUed "ValidilY oj surj~ce t!eclrode :"or :non"onn~ 
E!>ICi ~c"vllY oj \be lDle:'ll~1 Oblique :nusde". I uacier$Wld I~I S subjects Will be sludied ~I \be Hospll~1 for 10..,,1 :l'SC:I!tS :'., 

~ :'our moath penod. All Ihe SUCjc:ts in Ihe study musl be males betweCII the ~res oj :~ yUr$ old wllb ao hlsl~rv :Ji ::~C~ 
?alll for Ibe I:l.SI Sill moaths. ~d should be III ,oocI phYSlcl coadiuoo. 

: uaccr$Wld Ibal :be upenmCtll WIll be periorced la four llaN. Firsl, I WIll fill OUI a questlaMilre :1121 ,e'lulres some ;:e,s~~al 
;niormllioo aDd my rueciit21 l1islary. All :his inionmlloa will be kepi coalideDu:J. 
Sc::ood, I Wlder$Wld I will uaderro a C:-'~CIl1 oi my lrunk ~I the Radiolory Depanzneol oj Ibe HosPl131 for ]01111 D,sC:l.Ses. : 
:.Inder$Wld thaI \be e~posure from CT,scll1 IS campanble 10 !Wf of:l cbesl :t·ny md wluc: IS coasldered as =11:1:11 rosl; ~i 
raliiauoa exposure. Third. I unce:-s=d Ibll four WIre electrodes aDd SIX disposable suriac: eleclrocies \VIii be ?iaced on se:e::ed 
SOles of my tn.IIII: 10 record ::IUS:!: acllvilY. I uadcr$Wld 1 FbysiC:aD will iAsen the WIre e!ectrocies 10 my ~bliol'lWlal :u~:~s ~~ . 
• hypode1'llllc needles. 

(Continue ne:tt page) 

AUTHORlZAnONS 

I, , HAVE FiEAD TrlE ASOVE AND HAVE SeeN GIVEN A CLEAR OFiAL EXPLANATION 
OF THe NATUFiE. RECUIREMESTS AND EFFECTS OF THE STUDY ANO SATISFACTORY ANSWEi'iS TO MY INQUIFiIES. I AC­
cePT TrlE CONDITIONS OF iHE sruDY AND I AUTHORIZE Trle ASOVE FFiOCEOUReS/rESTS TO BE FE"FOFiMeo ANOIOR IN· 
VESTIGATIONAl DFiUGSiDEvlCES TO SE USED. I UNDE.:;STAND TrlATINTHE EVeNT OF FHYSICAllNJURY RESULTING FROM 
jHlS STUDY, ONLY IMMEDIATE ESSENTIAL MEOICAL TIlEATMENT AS DElcRMINED BY'THe HOSPITAL Will se AVAILASlE 
FOR THE INJURY WITHOUT CHARGE TO Me PERSONALLY. TrlERE WILL SE NO MONeTARY COMPENSATION. I ALSO RE..I,UZE 
THAT I AM F;:;EE TO WliHDRAW THIS CONseNT Ai ANY TIMe WITrlOllT PREJUDICE iO MY FUTURe i;;EAiMeNT. 
I UNDe;:'SiAND Tl-!AT FiECOFiDS OFTHIS INVESTIGATION WILL se Ke.=rCONFIDE.'1TIAL SlIT AFiE SUSJE·:iiO INSFeC'iiCN 
BY THE U.S, FOOD ANI) DRUG ADMINISTRATION 
SIC"..,n"A,C' " .. nl!"tf O&TI StG"AT\I". 0' "'''SON OAr. VALID UNTIL. 

GMNG 'IAMlSS&QN 

.IE'.....A:TONSMI .. TO 'anENT; 

I, ,HAve CLEARLY AND F'uLLY EXPLAIN eo TO iHE 
ABOVE PATIENT (OR FE?SON GIVING CONSENT) iHe NATURE, ReOUIREMENTS ANO r:3 IJ /So: 
FORESE~elE RISKS OF THE STUDY. IN MY JUDGEMENT HE:'SHe IS FULLY COMFETENT TO 

vv 

COMFFiEHeNO THE NATURe OF THE STUDY AND THE PRoceDURES INVOLVED. 
, ._. 

~ ... :'\I.IC'I"'1.s:,;c",r~" o&r. S:G .. ",n"AIO' .uOlrO"·WlTHISS 0 •• ' 

rs,:,.a.".~ 
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~-

T::1.1 o. '_l~ 

una ...... ___ , ... ..... 

"IIN""0 ,,"ONSON 'uz.t.. =0' IJ'ST'TTH STIII£T 
NEW VOIII\. NEW VOIIK ,00= . 

Validity of surface ele::trode (or lIlonitorin~ 
EMCi activity of !he inte~al oblique muscie 

22·103 

INSTRUCTIONS 
TYPE IN LAY TEriMS iHE NAru"E AND PU"FCSES OFTHE STUDY. iHE OUAATlON OF ThE 5UEJE:7'S PAF.TICIFATION. THE 
SENE.=iTS. RISKS AND OISCOMFOF\i'S OF THE F;:;OCEDUFiES,iESTS ANOIO;:; O;:;UGS:OEVICES TO EE CSEO. ,HE F.E·~UIF.E 
MENTS (SAMPW: COLLfCi10NS. EIOPS1E5. OUESTlONNAIMES. EiC.) AND F\EST;:;ICTlONS (OICi. Ei'C.) AND OISC:'OSE A.C. 
PFiOPFiIATE ALTEi'iNATlVE ;;:;£.\TMeNi'. P!;OVICE iHE NAMES OF PEi'iSONS TO CONTACi' FOF. OUESTIONS AECU7 i';':E 
S,JOY AND IN CASE OF F\ESEA"CH·;:;E~:'TE:: INJU;:;Y. 

1 uadersWld !h3t !he wires will rellUm fiud in the r.:~s:!es curing .es:ing. Tae wire will be relllovec by the pb~'si:i2D at 
ead of !he I.eStinr. The pain involved is comparable "'lth the FaiD involved in hypodetmlc iIIjectioa. No otber cOmpiiC3t10D 
ba.s beeD I'qIOned iD'!he Iitcrarure for this procecur:. 1:: order to "erify tbe wire electrode placellleDt. aa ultrasouDd 
re:ording will be periol'llled at certain un of elY b3:~. I und:rsWld !here is 110 risk involve in ultruoUlld r::orciUl~. 
Founc. I will perfol'lll exenion wl;.s on the 5:60 lsosutior.. I will be asl.:ed to exer: my r:wtllllu=1 cfior: agaw: ·a 
CODSunt resisWlce iD tnlok fOl'lo-ard be:lciin,. bacl.""-arc be:lding. aad !wiSIID!;. 

1 uDdersWld !hat DO medial bC:lctiu ""iII aC;Ne to c: {or my panicipatioa iD lhis proJec:. aad !hat !he c!au Fatberee will 
be useful III better UIIdel'SWlding musde actl"IIY of I!: L"WIk. I undersWld !hat a full effort will be made to &IlSWer aa~' 
questions I have cODceming !he project. I uoders~ci tb;t all iDfonn&lIoa penaiaillilo me will remalll coatici::lual. I 
IIIIdersWld I bave !he ri,bt 10 withdraw from the sNd~' at aay poiDl ciuriDlle5tiDl wi!houl liviD, ally rasea for doiDg so. 

I uade~Wld !hat !he Hospital for 10iDI di5cses Ortbopac:!i: lr.stirule will provide immediale esscatial care for aII~ 
injury aaa illaesses rcsultill, froID my participalioa i:I this srudy. However. lIei!her IODI-ICI'III bospitalttatmeot aor 
fiDaa~;al compensati.:Ja will be available (rom !he bo~iul. F.rther ia(or=tioa may be received (r.ItD m~' pbys::w. If I 
bave ally questions. I C2D CODlaCt Ali She~deb II C:121:55~690 or I will coalac: !he Palleot RCJ)rCSClIlallve of !he 
Hospital (or Joinl Dis=ses. Ms. Pam Foster. at (212) 396~.;i4 . 

.AUTHORIZATIONS 

I. • HAVE ;;:AO iHE ABove AND HAVE ISEEN GIVEN A C;':':'); OAAL. ex~L"NATiON 
OF THE NAruF;:" );EOUIF;EMENTS AND EFFECTS OF i'HE sruOY AND SATlSFAClO"Y ANSWEF.s TO MY INOUI"IES. I ""C· 
CEPT iHE CONOITIONS OF THE STUOY AND I AU'iHOF;IZE iHE AISOVE P;;OCE!)UF;ESia'ESTS TO EE "E;;;:OF;MEO AN 010;:; I,..· 
VESTiGATIONAL OF;UGSIOEVICES TO BE US~.I UNOei'iSTANO THAT IN THE EVENT OF FHYSIC:'L,INJU);Y F.ESULTiNG F;:;OM 
THIS sruOY ONLY IMMEOIATE ESSENTIAL MEOIC:'L Ti\EATMENT AS Orn.:;MINEO ISY'THE HOSFITAL WILL EE AVAILAELE 
FO); THE INjUMYWliHOUT CHAF.GETO Me FEi':SONALLY. THE1'IEWILL ISE NO MONCiA"Y COMFENSAiION.1 AL.SO F.E.:'L!:: 
THAT I AM Fi=iEE TO WITHDRAW THIS CONSE.'li' AT ANY TIME WITHOUT FF.EJUOICE TO MY FU'iUF;E Ti=iE.~TMENi'. 
I UNOE.=.si'AND THAi' RECOMOS OF THIS INVESiiGAi'ION WILL SE KE?T CONFiOENTIAL EUT "F;E SUEJE·:TTO INS~E·:TIO~ 
EY THE U.S. FOOO ""NO OFiUG AOMINIS'ffiATiON. 

CAtEI s;:", ... T\I_ECJ '£~Ol'll 
GiYlHC .,II ... SS:CN 

11:..AT1CNIHI. TO " .. nINT. 

I. • HAVE CL.EAFiLY AND FULLY E.,(PLAINEO TO THE 
AEOVE PATiENT (OFi PE:=iSON GiVING CONSENT) THe NATURE. MEOUI);EMENTS AND 
FORESEE.o\ISLE F.ISKS OF i'HE sruOY. IN MY JUCGEMENi HE:'SHE IS FU~~Y COI.lFEiENi' Te 
COMF;;E~END THE NAruRE OF THE STUDY AND THE FFiOCEOURES INVOLVeo . 

.. .... . ... _--. 

v.:.uc UN71~ 

t'I::;r,:;:SUTION: AS 1.1.'."",,0 ON C':-Cl:S MAKE CCI=iE:: FC;; S,IE.'EC; (~.;:; ":::5:-:-. 
GIVING FE;:;MISSIONl ~ND F~AR~.:.:.=Y ('.VI';:!'.: ':'F=~':.:'=~:\ 
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Appendix F 

Publication 

149 
TRUNK PERFORl\Ir\~CE DURING CO:\JnJNED 

SAGITTAL AND TRANSVERSE ISOMETRIC 
EXERTION AT UPRIGHT STANlJI;\(; 

Ali Sheikhzadeh-, Mohamad P:lI'nianpourt. ~larg:Jreta ~Ilf(hll· 
·Occup3tionlll and IndusU'illl Orthopaedic Center. lIo~pitJI for Join! DI'l':I"" 

Orthope3dic Institute. New York !}niver~IlY \-Icdical (":n!~·r. (, \ 
Downin~ St.. New York. New York IflO!.l 

tDepllrtment of Industrial. Welding System~ Engineenng. Ohm SI:Ilt: 
L'niver~ity. Columbus. OH J ~~ 10 

Introduction: Maximum i~ometric lrunk exenions :Ire hi!!hly COtll'il'lI 
especially during :):~ial exenions. Since there is no mu~cle gmup \\ith !hc 
primary task of a.'(ial rot:llion. 5ever:ll trunk muscles are re~'ruitl'd to 

generate torque or create motion in thc tran~\'c~e plane. lIi!!hcr Ic\ d (If 
coacrivity le:I(Js to hi!!hcr inlern:ll loading of srine. 'nlis IC:llIs 10 hi!!her 
str:lin :IJld stress in lhe :ulOulus fibers and on Ihe facel Joints. hence :I hi!!her 
risk or injury. The lrunk muscles resron~c to wmt"lined external ~agill:ll :Uld 
transverse moments is expected 10 lead 10 a higher loading Ihan expct:tcd h~ 
the sum of respcn~es 10 each individual momcnt. "fne purpose of this ,tuJ~ 
was to ICst the hypothesis th:lt the mean of R:\\S·E:\\G of len sC'lct:tcd Inlllk 
muscles \\ill signific:lJllly change \\oith the nril'nt:llion of Ihe nel resultllll 
moments aboul the trunk. In addili(>n. Ihc cnnlmllahililY during t:f\ml-int'd 
exenion were t:omparcd .... iut planar c'(enion. 
Method~: Ten mairs :lnd .l females \\ith no prior history Ill' low ha,'k pill 
in the past si:< months panicipaled in ute study. ~Ic:," age. hei!!ht and ·.\CII! 

30 r±7) ye:l~. 70 (::12) cm. :mJ 168 t±9) Kg, respct:ti\'cly. :\ In:\:'!.ial 
dynamometer (the B200 Isostalion). was used to me:lsure Ihe IllnluC 
gener:lted during ma:\imal and subma,imal lrunk e:<enion. In upright 
standing poslure. the ma,imum isometric e~cni()n t~\\'E) \\'a~ mea5urcd \Clr 
ne:<ion. extension and righl and Icft lrunk rotation. To 5imul:llc pure :mil 
comhined exenions, visual feedh:lck was gi"cn 10 the subjet:t~. A mllnitor 
,jjspl:lyed trunk lorque output and t:lrget lorque in thc plane (If 'Ia!!itlal :uld 
axi:lltorque. A target torque was set at O. 30. flO. 100% of MVE cxcnion 
:Ilong one ')r two axes or trunk. Subjects were inslructed to match the their 
OUlput torque to target torque for at le:lst three second~. A measure of 
controllability of the generated torque was computed by the distant:c from 
output torque to target torque. The lower value indicated :I gre:lter ability 10 

ISSlS June 25-29. 1996 

Presented at International Socity for the Study of the Lumbar Spine. Burlington, Vennont, June 25-29, 1996 

150 



~':ncr;IIC and (ontrol Ihe dcsired lorquc levels. Surf:1ce electrodes were used 
10 monilOr bil:llcrJl trunk muscles:1I L3 level for eXlern:1l oblique (cOB). 
rcttus abdominis (RA). erector ~pin3e lES). md at L1·TI2 level for 
latiSSImus dorsi (lD\. Wire electrodes were used 10 me3sure bil3ter:1l 
lIIusdc :Il'tivity of intcrnal oblique (lOB). ~1ean RMS·EMG and mem 
turqul's "'cre c(lmputcd fur 3 scconds data where the subject performed 
doscst 10 the tJr~cl. t\ repeatcd ~IANOV A was performcd to invcstigate 
thc dfcct of thc threc Icvcls of r:ltldomizcd c:'(ertion (30. 60 and 100% of 
\1\'EI .1II1I livc :lngles of c:'(cnion ( 0.45.90. 135 . 180 dcgree) on ten 
trunk muscks. TIlc li\ c anglcs represcnt the combination of sagittal and 
J,ial torque whl:rc 0" indicatcs pure I1c:'(ion md 180 is pure e:'(tension of 
the trunk. 
Re~lIlt5: TI1C ;lInplitudc of :Ill musdes were significantly (p<.OOI) chmgcd 
hy thc 111:1111 ~lIc(ts of level :md ;mglc of c:'(crtion and thcir intcraction. 
lOB. F.UII :I1Il1 LD had sigl1ilk:mtly (p<O.OI) highcr :lctivity during 
l"l'm"il1l'd C'IcrtJ(ln compared to pure c:'(crtion. The (,;omroll:lbility of thc 
(orque generatiun signilic:mtly reduced in the combined c:'(ertion (p<O.OI). 
In addition. the ma:'timum attainablc toque undcr combined condition was 
Icss than thc ma.'(imum pure voluntary (,;apacity. 
Discm~i()n: Physically demmding tasks in industry 3rc bener represcnted 
\\;Ih combined (coupled) t3sk dcmmds. Due to widc-spre3d :lV3il:1bility of 
un3:'tial dyn3momcters. uniplm3r m3ximum volunt:1ry excnions h3ve becn 
used for quantilication of trunk muscle strength. B3sed on present results. 
it is incorrect to assumc 3 person's 3bility to perform the combined cxcrtion 
hascd on cxcnions performed in one plme. The intern31 103ding is higher 
for (omhincd loading since the lcvel and mgle of exertion 3re significmtly 
higher for all muscles. This also e:'tpo!ics Ihe p3ssivc structure to 3 larger 
m:tgnitudc of load. The c3pability and controllability of the generJtcd 
torqucs arc signilicantly lowcred during (ombined exenions. These resulls 
suggcst thc trunk musclcs will be t3:'tcd 3t :1 highcr rel3tive 103d while 
performing combincd loading t3sks. incre:tsing muscle fatigue and the 
proh:tbilityof injury. 
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