
ABSTRACT

JOINES, SHARON MELISSA BENNETT. Using Surface Electromyography to Study
Cervical Extensor Muscle Activity: An Investigation of Methodological Considerations
and the Effects of Age on Fatigue Development and Recovery. (Under the direction of
Carolyn M. Sommerich.)

The purpose of this research was to investigate the effects of aging on fatigue onset

and recovery associated with low-level exertions of the neck musculature.  This investiga-

tion into aging and fatigue is unique because the bulk of fatigue research has been per-

formed at high force levels, and/or has not considered the effects of age on fatigue

development.  Several methodological issues were addressed in three preliminary phases

of experimentation to develop a robust electromyography (EMG) collection/processing

methodology that is sensitive to low level muscular fatigue.   This new methodology was

then employed in the investigation of the effects of age on the fatigue response of the neck

musculature during low-level exertions.

The first phase was an investigation of surface electrode location, using a struc-

tured neck marking procedure, and the underlying neck musculature, using ultrasound.

The second phase of this investigation, a review of signal processing theory literature and

a comparison of an ideal filter with a Butterworth filter, resulted in a set of recommenda-

tions for sEMG collection methods.  The third phase of this investigation, an evaluation of

the effect of neck posture during a maximum volunary contraction on normalized EMG

values, showed that, there were significant differences between the sEMG data normal-

ized using the posture specific normalization method and the reference posture normaliza-

tion method.

The final phase of this investigation identified measures for and evaluated the

effect of age on fatigue onset and recovery due to a low force, static exertion held until

fatigue.   Based on the results of this experiment, it was found that:

� there are several quantitative measures for identifying fatigue development 
associated with low-level exertions;

� older subjects exhibited different fatigue response patterns compared with 
younger subjects;

� some subjects regardless of age exhibited fatigue resistant characteristics; and
� the recovery rate was not significantly affected by age group.
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2. Literature Review
The average age of the working population is increasing as the �baby boomers�

age, while retirement and Social Security benefits are being put off to later years.  The

baby boom generation represents a cohort of 75 million people born between 1946-1964

(Yocum, 1995).  In 1997 in North Carolina alone, there are a reported 2 million baby

boomers equaling roughly one third of the state�s population and almost one half of its

work force (CARES, 1997).  It is estimated that 1.5 million baby boomers will still be liv-

ing in North Carolina in the year 2030, all over the age of 65 (CARES, 1997). A report

prepared by the Center for Aging and Research, UNC-CH for the Division of Aging,

North Carolina Department of Human Resources, states that many baby boomers may

choose to work into their �retirement years�, but many may have to work because they

cannot afford to retire.  The report also addresses the extra challenges facing many women

in their fifties as they help care for their grandchildren, parents, and grandparents.  These

kinds of personal demands and new physical challenges associated with an aging work-

force are brought to the workplace as retirement is pushed off or new careers are started.  

Significant effort is being made to address the changes in the workforce dynamics

as we enter the new millennium.  Many investigations and changes are occurring at the

human resource and policy levels.  One necessity, according to policy makers, is informa-

tion about the capability and limitations of the �mature� segment of the workforce (Okui,

1995).  One such example of providing information about the capabilities of the �mature�

worker would be to explore the impact of aging on muscle fatigue.  Such research could

focus on fatigue in postural muscles that may be used for extended periods of time while

performing tasks such as reading, writing, and VDT work, more sedentary types of tasks

that may be performed by older workers.  The epidemiological literature consistently

shows high prevalence of neck discomfort associated with sedentary work (Magnusson,

Pope, Wilder & Areskoug, 1996).  This discomfort is typically associated with muscle tis-

sue rather than other types of tissues (Hagberg, Silverstein, Wells, Smith, Hendrick, Car-

ayon & Perusse, 1995).  The static, constrained nature of the work is thought to overwork

and fatigue the neck muscles.  Therefore, an investigation into aging and muscle fatigue

was proposed for the purpose of identifying the differences in muscle fatigue response

associated with age during low force exertions.  Many of the studies investigating fatigue
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development sample muscles which are used for high force exertions.  Anecdotally, older

workers are not as likely to be performing these large, powerful exertions.  More likely

their jobs will consist of sedentary tasks such as reading, writing, and computer use.  This

research will focus on semi-static tasks similar to these, the effects of these semi-static

tasks on older subjects, and the differences in effects between older subjects and younger

subjects.

Neck muscle loading is typically studied using surface electromyography (sEMG)

and discomfort surveys.  Several different methods are used for collecting and analyzing

data using sEMG and some of these methods require subjects to perform maximal exer-

tions, which may be uncomfortable or difficult to perform.  These methods need to be par-

ticularly carefully assessed and justified in their application to collection of data for the

neck, especially when collecting data with an older subject population.  The sEMG data

collection methods are inconsistent in the studies that investigate work-related neck disor-

ders. Therefore, it was important that the different aspects of collection and analysis of

sEMG data collected from the neck be evaluated.  Three experiments were crafted into a

data collection methodology that documents the method�s characteristics including accu-

racy.  The full series of experiments were designed to addressed seven objectives:

1.  Development of a set of electrode placement locations that afford consistent

placement of surface electrodes over the most superficial portions of

the neck musculature, based on an ultrasound study.

2.  Determine if the posture in which the normalization or maximum exertion is

performed has a significant impact on the sEMG data results.

3.  Recommend an appropriate signal collection parameter set based on signal pro-

cessing literature and muscle physiology.

4.  Determine if an ideal filter (joinesfilter.m) written in  MATLAB  removes more

noise but less of the original signal when compared to the commonly

used Butterworth filter.

5.  Investigate the use of  transformations that are more specific or focused, based

on signal characteristics such as non-stationarity of sEMG data, making

the analysis of the frequency domain data more responsive to subtle

changes in the sEMG signal.
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6.  Investigate the use of the Joint Time-Frequency Analysis method on sEMG

data.

7.  Investigate the impact of age on fatigue development and recovery in muscles

during low force exertions. 

The first experiment to address these objectives focused on how electrodes should

be located over the splenius and semispinalis muscles.  The second experiment addressed

normalization methods used for the neck musculature.  The third experiment addressed the

effect of age on muscle fatigue in muscle during low force exertions.  A multi-modal

approach to fatigue detection was taken, employing several non-invasive techniques, such

as: analysis of sEMG data in the time and frequency domains, changes in discomfort lev-

els, and changes in maximum force generating capability.  Basic and exploratory signal

processing objectives were addressed by surveying current literature, analyzing simulated

data,  and analyzing data collected during the third experiment.

The next section of this document supports the premise that the neck is a region of

the body that needs to be studied due to the prevalence of neck discomfort and its relation

to working postures and conditions.  Then, an overview of the neck anatomy and muscula-

ture is provided to focus the discussion from �neck muscles� to a specific subset of those

muscles.  The current sEMG data collection techniques in the neck are documented, fol-

lowed by an overview of techniques currently used to identify fatigue in muscles.  Finally,

the link between aging and fatigue in muscles is made.

2.1  Reports of Work-Related Neck Pain

Although a link between discomfort and injury has not been firmly established, the

locations of neck pain and discomfort are fairly consistent for a given type of task.  Some

discrepancies exist in the epidemiologic literature on point prevalences and incidence

rates; however, these differences may be attributed, to some extent, to the variety of defi-

nitions of neck pain, intensity, and duration.  Additional problems occur when trying to

compare data collected in different manners: self-reports, interviews, and physical exami-

nations.  
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Neck pain has been reported in both physically taxing work such as farming

(Sakakibara, Miyao, Kondo & Yamada, 1995; Scutter, Turker & Hall, 1997) and patient

care (Bork, Cook, Rosecrance, Engelhardt, Thomason, Wauford & Worley, 1996; Joseph-

son, Lagerstrom, Hagberg & Wigaeus Hjelm, 1997), and quasi-static, light work such as

dental work (Finsen, Christensen & Bakke, 1997; Milerad & Ekenvall, 1990; Öberg &

Öberg, 1993), work at visual display terminals (Bernard, Sauter, Fine, Petersen & Hales,

1994; Knave, Wibom, Voss, Hedstrom & Bergqvist, 1985), and sewing machine operation

(Andersen & Gaardboe, 1993; Serratos-Perez & Mendiola-Anda, 1993).   The etiology of

the neck pain is different for heavy work and for static work.  Heavy physical work is

associated with the development of cervical spondylolysis (Hagberg & Wegman, 1987)

and degenerative changes (Viikari-Juntura, 1997), while static work is associated with

myofascial pain such as tension neck syndrome (Grieco, Molteni, De Vito & Sias, 1998;

Hagberg et al., 1995; Hagberg and Wegman, 1987). 

Perspective on the magnitude of the neck pain problem can be gained by contrast-

ing the high prevalence of neck pain reports with upper and low back and shoulder pain

reports in the same industries, as shown in Table 1. In the studies listed in Table 1, neck

pain is as prevalent, if not more so, than other types of upper body pain.  Table 1 also sum-

marizes the high incidence of neck pain associated with light work in a study of secretarial

and office personnel in the health care industry (Linton and Kamwendo, 1989; Milerad

and Ekenvall, 1990; Öberg and Öberg, 1993) and moderate reporting of neck pain in stud-

ies in the electrical (Hünting et al., 1994), aerospace (Palmer et al., 1998), and textile

industries (Palmer et al., 1998). Reports of neck pain have also been associated with age

differences, with point prevalence in the Swedish population peaking in the 45-54 year

age group (Andersson, Ejlertsson, Leden & Rosenberg, 1993).

2.2  Overview of the Cervical Spine Anatomy and Primary Superficial/

Static Load Bearing Muscles in the Neck

To understand the problems associated with neck pain it is necessary to have an

understanding of the anatomical structures involved.  The cervical spine is defined as the

first seven vertebrae in the spinal column.  The skull attaches directly to the superior end

of the cervical spine.  Indirectly connected to the spine are the scapula and clavicle.  These
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bones are connected to the spine via muscular attachments and indirect bony attachments.

The scapula and clavicle load the cervical spine when shoulder or upper arm activity is

required.  The medial aspect of the clavicle attaches to the manubrium of the sternum at

Table 1: Prevalence of Neck Pain Contrasted with Pain Prevalence in Other Body 
Parts

Industry or task Neck 
Pain

Other 
Body Part

Prevalence

Point 3 months 12 months

Industrial workers performing 
unskilled tasks (Bjorksten, Boquist, 
Talback & Edling, 1996)

thoracic 
back

47%

X  68%

Danish wood and furniture industry 
(Christensen, Pedersen & Sjogaard, 
1995)

upper 
back

18% 

low back 42% 

shoulder 28% 

X 26% 

Chicken processing workers (Buckle, 
1987)

upper 
back

9.1%  

X 18% 

Electricians (Hünting, Welch, Cuc-
cherini & Seiger, 1994)

X 16%

Aeroengineering factory  (Palmer, 
Coggon, Cooper & Doherty, 1998)

X 10% 

Textile workers (Palmer et al., 1998) X 4%

Health care industry: male and female 
Swedish dentists (Milerad and Eken-
vall, 1990)

X 45% (m) 
and 63% 
(f)

Health care industry: Swedish dental 
hygienists (Öberg and Öberg, 1993)

X 62% 

Health care industry:  medical secretar-
ies and hospital office personnel  (Lin-
ton & Kamwendo, 1989)

X  63.1% 
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the clavicular notch of the sternum.  Each scapula floats freely over the lateral, posterior

portion of the rib cage, interacting with to the clavicle and head of the humerus. 

Covering, supporting, traversing, and moving the cervical region of the spine and

the skull are approximately twenty muscle pairs, organized in several layers (Kamibayashi

& Richmond, 1998).   The muscles used only for generating speech and breathing are not

relevant to this dissertation and will be excluded from discussion.  Only the superficial

muscles that are designed for head and neck support and movement and that are accessible

to sEMG, will be considered.  These muscles include the trapezius, sternocleidomastoid,

semispinalis capitis and splenius capitis.  This research will focus on the latter two mus-

cles (see Figure 1). Although accessible to sEMG and often a site for muscular tension and

pain, the trapezius is excluded from this analysis because its primary role is not in move-

ment of the head and neck, but in elevation and retraction of the shoulder and during flex-

Figure 1: Muscles of Interest in the Neck

Splenius 
capitis

Semispinalis
capitis

Trapezius

Trapezius Resected

Posterior View Side View

Sternocleido-
mastoid
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ion or abduction of the upper extremity (Basmajian & DeLuca, 1985).  Another role of the

trapezius is to adjust the scapula during elevation of the upper limb, in raising the arm, and

preventing downward dislocation of the humerus.  Additionally, a great deal of EMG

analysis has already been performed on the trapezius for many of the issues of interest in

this dissertation.

The sternocleidomastoid is inactive during relaxed sitting, normal breathing, deep

expiration, and wet and dry swallowing (Basmajian and DeLuca, 1985). Since the sterno-

cleidomastoid is almost never a site of pain or discomfort, it will be excluded from this

dissertation.

 Originating from the ligamentum nuchae and inserting on the skull, the main func-

tion of the semispinalis capitis muscle is the extension of the head on the neck  (Basmajian

and DeLuca, 1985).  It performs an antigravity function when one leans forward and is

almost inactive in erect postures (Takebe, Vitti & Basmajian, 1974).  The semispinalis

capitis is not a rotator (Takebe et al., 1974).

The splenius capitis originates from the lower half of the ligamentum nuchae, from

the spinous processes of the last cervical and of the six upper thoracic vertebrae, and from

the supraspinous ligament. It inserts on the mastoid process of the temporal bone and

rough surface of the occipital bone just beneath the superior curved line (Gray, 1977). The

splenius capitis is an important extensor and rotator (Takebe et al., 1974), having the same

magnitude of activity as the semispinalis during extension, and is probably as important as

the sternocleidomastoid as a neck rotator (Basmajian and DeLuca, 1985).  The semispina-

lis capitis and splenius capitis arise from the cervical/thoracic vertebral spines and insert

into the skull and cervical vertebrae.  A summary of the action of the cervical extensor

muscles is included in Table 2.

Table 2: Action of cervical extensor muscles studied in this research

Muscle Action

Extension Lateral Bending Rotation

Splenius capitis x x x

Semispinalis capitis x
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2.3  Current EMG Data Collection and Processing Techniques for the

Neck Muscles

There are a large number of studies investigating ergonomic issues pertaining to

the neck in the literature.  This literature review (performed in 1999) is limited to studies

that specifically utilized sEMG data collected in the cervical spine area during static or

quasi-static exertions or tasks.  In this review, a variety of methodological inconsistencies

are exposed in sEMG data collection and processing techniques.  The methods are

grouped into three different areas: electrode location, normalization techniques, and signal

collection and processing.  Although the groupings are distinct and provide an easy man-

ner by which to discuss each method, many of the issues associated with the techniques

overlap.  For example, the choices in signal processing are directly affected by the normal-

ization technique used.  These overlaps are discussed in detail after the review of the vari-

ous sEMG data collection and processing techniques.

2.3.1  Electrode Location

 The location of surface electrodes in relation to the muscle to be sampled is criti-

cal in the development of an interpretable EMG signal.  A pair of surface electrodes is typ-

ically positioned along the length of the muscle fiber to collect information about the

electrical activity in the muscle as the action potentials traverse the muscle membrane.

The myoelectric signal collected by the surface electrode pair may be affected by several

factors including: locations of the pair over an innervation site, crosstalk from nearby

muscles, and movement of the electrodes away from the muscle of interest.  

The first factor potentially affecting the signal collected is the electrode pair�s

proximity to an innervation site.  If the electrode pair is located over an innervation site,

the signal collected will not represent the sequential passing of the electrical potential

under the pick-up windows of the pair.  Instead the signal collected will represent the dis-

bursement of the signal to the muscle, which has no meaning using current EMG analysis
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techniques (Figure 2).   The general location of the innervation site is known for muscles

such as the tibialis anterior and biceps brachii  (Basmajian and DeLuca, 1985) and may be

easily avoided.    However, the locations of the innervation sites for the semispinalis and

splenius are not well documented.  This, coupled with the relatively small size of these

neck muscles and their overlapping organization, makes avoidance of innervation sites

difficult when collecting sEMG data.  

A method for identification of sEMG signal characteristics associated with elec-

trodes located over an innervation site was described by Queisser, Blüthner, Bräuer &

Seidel (1994).  Queisser et al. (1994)  investigated the location of electrode pair placement

with respect to innervation zones of four muscles, including the semispinalis capitis and

splenius capitis.  To collect sEMG data in adjacent muscle areas, an electrode was placed

on either side of the original electrode pair, such that there were four electrodes in a

straight line. The criteria used for determining that the primary electrode pair was over an

innervation zone were based on visual inspection of the three sEMG signals obtained from

the four electrodes. Signals 1 and 3 were from the outer pairs of electrodes while signal 2

was from the original, central electrode pair (Figure 3).  

Note how the electrode pair in the drawing on the left is located over the innervation 
site and will be collecting electrical activity from action potentials (represented 
by the arrows) moving in opposite directions.  The drawing on right depicts an 
electrode pair location in which the action potential will move under the pick-up 
area of the first electrode in the pair and then the second.  

Figure 2: Innervation site and electrode pair juxtaposition
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When the signals were visually inspected from a two second test contraction at a

30% maximum voluntary contraction, a pronounced reduction of the amplitude from sig-

nal 2 and a phase shift of nearly 180° in signals 1 and 3 were taken as indications of loca-

tion over an innervation site.  These authors noted that the original electrode pair was

located over the innervation zone for 3 of the 12 subjects for the semispinalis capitis and 5

of the 12 for the splenius capitis.   They commented on the lack of data published about

innervation zones in the neck musculature and the potential for changes from skin move-

ment and muscle tension offsetting each other.  Skin movement is discussed later in this

section.

The second factor affecting the myoelectric signal collected by surface electrodes

is crosstalk.  Crosstalk is a term used to refer to the sEMG signal that contains activity

from nearby muscles, as well as the one of interest.  Data containing crosstalk requires

careful interpretation; results from such signals can be misleading.  At best EMG data con-

taining crosstalk artifact reflects activity from a group of muscles working synergistically

and at worst contains both agonist and antagonist activity.  Accuracy of electrode place-

ment and interelectrode distance are the two primary elements that will influence the

amount of crosstalk that will be collected in an sEMG signal.  Accuracy of the electrode

location refers to the degree of certainty regarding electrodes actually being placed over

the muscle of interest.  An accurate electrode location is critical when working with small

muscles such as those in the neck.  Precise electrode placement descriptions and tech-

Figure 3: Four electrodes used to create three sEMG signals

signal 1

signal 2

signal 3

Four electrodes
placed in a line

1

2

3

4
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niques are necessary for maintaining accuracy levels between experimental sessions as

well as for performing validation studies. The specific location of electrode pairs has been

documented to varying degrees of precision in the literature. Good documentation efforts

provide the distance from a bony landmark to one or both electrodes and the interelectrode

distance.  The most precise descriptions also include the distance from the midline of the

body.  

To determine accuracy of the electrode locations in a study of neck muscle coacti-

vation, Keshner, Campbell, Katz & Peterson (1989) used surface and intramuscular elec-

trodes to collect EMG data on three subjects.  The data collected from the intramuscular

electrodes were assumed to contain no crosstalk from neighboring muscles.  Needle elec-

trodes were inserted into the muscles at the same anatomical location as the surface elec-

trode sites for the semispinalis capitis (SEMI) and the splenius (SPL).  Based on

comparisons of the intramuscular and surface EMG output plotted on polar graphs,  Kesh-

ner et al. (1989)  stated that the differences in activation patterns were small: �SEMI and

SPL exhibit very similar spatial preferences with the two techniques, with minor differ-

ences that probably reflected the more precise sampling of motor units with bipolar intra-

muscular electrodes.�  However, no quantification of differences between the two

techniques was provided and the differences upon visual inspection of the polar graphs

provided appear to be large.  For the semispinalis, although the angles over which the

muscle was active were similar, the area in the polar graph indicating muscle activation

for surface EMG was much smaller than the intramuscular EMG area. If the amplitude of

the signal for the semispinalis were consistently smaller for the surface compared with the

intramuscular signal, the difference in magnitude could be scaled to produce good agree-

ment between the surface and intramuscular collection methods.  This was not the case.

On the outermost angles of activation, the surface electrodes recorded signals with less

strength.  Since the subject�s head was stationary with weight hung off different angles of

a helmet, the difference in activation amplitude cannot be attributed to movement of the

electrodes off the muscle of interest.  It may indicate that the portion of the semispinalis

being sampled by the surface and the intramuscular electrodes was slightly different and

differently recruited.  For the splenius, although the angles over which the muscle was

active were again similar, the area in the polar graph indicating muscle activation for
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sEMG was much larger than the intramuscular EMG area.  Since the subject�s head was

stationary with weights hung from different angles off the heads, the difference in muscle

activation cannot be attributed to movement of the skin relative to the muscle.  In the case

of the splenius, it would seem that crosstalk could explain the increased activation area.   

It has been suggested that surface electrodes should not be used when studying the

splenius capitis (Mayoux-Benhamou, Revel & Vallee, 1995).  Using computerized tomog-

raphy (CT) scans to identify sampling locations in order to compare surface and intramus-

cular EMG recordings from the splenius capitis, Mayoux-Benhamou et al. (1995) state

that surface electrodes for the splenius collect crosstalk from the sternocleidomastiod.

Although using CT scans to locate the electrodes over the splenius is an accurate

approach, two aspects of the study�s methods weaken the argument for eliminating the use

of sEMG when studying the splenius.  First, the findings are based on the data from only

one subject.  Second, the location of the surface electrodes for the splenius were close to

the sternocleidomastoid.  Since the location chosen in the study was not identified as the

only appropriate location, other positions along the splenius capitis may also be �open�, as

seen using CT scans, but further from the sternocleidomastoid.  It should also be noted

that two of the five exertions in which there was evidence of crosstalk for the single sub-

ject were not typical of working postures.  Those exertions include flexing and extending

the neck when the head was extended past a neutral position.  Mayoux-Benhamou et al.

(1995) also note that �the discrepancies were slight during slow movements� and in iso-

metric testing the crosstalk from the sternocleidomastoid only �became obvious when this

muscle was highly recruited.�  There are few working postures in which the sternocleido-

mastoid is highly recruited; therefore, this crosstalk issue may be more relevant to maxi-

mum exertions for normalization purposes.

The second element that influences crosstalk in an sEMG signal is interelectrode

distance.  Interelectrode distance affects the size and depth of the signal pick-up window,

thereby affecting the portion of the muscle being sampled (see Figure 4) and which mus-

cle is being sampled.   If the interelectrode distance is too large for the size of the muscle

being sampled, deeper muscles will be sampled resulting in a signal with crosstalk from

these deeper muscles.  When providing the interelectrode distances, the standard practice

is to give the center-to-center distance.  In a few studies, the edge to edge interelectrode
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distances were documented.  In order to compare these studies� methods with others�,

researchers need to document which edges on the electrode are being referenced (i.e.,

superior edges, inferior edges, edges closest together, or outside edges) and size of the

electrode so that the center-to-center interelectrode distance can be calculated.  Even

though the interelectrode descriptions are  important, 65% and 60% of the experiments

reviewed for this research which collected neck extensor and splenius activity data,

respectively, failed to document the interelectrode distance.  Where documentation is pro-

vided, differences in choices for placement and interelectrode distances were seen

between studies, but the reasons for those choices are rarely provided.  Also rarely

addressed are issues pertaining to signal reliability.  Only one study mentioned testing for

innervation zones or �dead spots�  (Queisser et al., 1994).

The third factor affecting the quality or accuracy of the signal being collected is

the movement of the electrodes away from the muscle of interest.  This movement of the

electrodes impacts the ability to collect sEMG from the same muscle location throughout

the experiment.  In an investigation on arm position and trapezius activity, Mathiassen and

Winkel (1990) emphasize that the changes in arm position inevitably change the sample of

motor units recorded by surface electrodes, due to sliding of the skin over the muscle sur-

face and changes in the shape of the underlying muscle belly.  Although Mathiassen and

Winkel (1990)  referred to issues associated with arm position, these issues can be trans-

lated to corresponding problems associated with sEMG data collection and changes in

head posture including tilt, translation, and rotation.

Electrodes are closely spaced over muscle belly Electrodes spacing is slightly larger

Note the difference in size and depth of the pick-up windows
associated with changes in interelectrode distance

Figure 4: Effect of Interelectrode Distance on Pick-up Window
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The next three subsections of this document review the various electrode locations

chosen in previous research.
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2.3.1.1  Electrode location in sEMG studies of the primary neck extensors

Both muscle terminology and electrode location vary among sEMG studies of the

posterior neck musculature.  This inconsistency can make both the study interpretation

and comparisons with other studies difficult.  Twenty-three studies have reported collect-

ing data from this region using surface electrodes (Table 3). Thirteen of the twenty-three

studies investigated the external influences on the subjects; ten investigated theoretical

issues.  The studies which addressed the external environment on muscle activity included

the impact of ergonomic aids (Schüldt, Ekholm, Harms-Ringdahl, Németh & Arborelius,

1987b), keyboard styles  (Fernstrom, Ericson & Malker, 1994), interaction of cycle time

and dynamic movements (Sundelin & Hagberg, 1992), break type (Sundelin & Hagberg,

1989), and workstation arrangement (Bauer & Wittig, 1998; Hamilton, 1996; Kumar &

Scaife, 1979; Lannersten & Harms-Ringdahl, 1990; Saito, Miyao, Kondo, Sakakibara &

Toyoshima, 1997; Sommerich, Joines & Psihogios, 2001; Turville, Psihogios, Ulmer &

Mirka, 1998; Villanueva, Jonai & Saito, 1998; Villanueva, Jonai, Sotoyama, Hisanaga,

Takeuchi & Saito, 1997).  The theoretical studies included those measuring muscular

response to loading of the head in any single direction (Keshner et al., 1989), investigating

which test contractions maximally activated neck and shoulder muscles (Schüldt &

Harms-Ringdahl, 1988a),  investigating the EMG-torque relationship of neck muscles and

force and cervical spine position (Queisser et al., 1994), the influence of neck posture on

muscle activity (Harms-Ringdahl, Ekholm, Schüldt, Nemeth & Arborelius, 1986; Schüldt

& Harms-Ringdahl, 1988b; Schüldt & Harms-Ringdahl, 1988c), the influence of whole

trunk posture on neck muscle activity (Schüldt, Ekholm, Harms-Ringdahl, Arborelius &

Németh, 1987a; Schüldt, Ekholm, Harms-Ringdahl, Nemeth & Arborelius, 1986), fatigu-

ability of cervical paraspinal muscles (Gogia & Sabbahi, 1990), and the influence of arm

posture on neck muscle activity (Mathiassen and Winkel, 1990).   
In four studies, no specific electrode locations were provided. Saito et al. (1997)

simply stated that the cervical erector spinae (CES) was sampled, while Villanueva et al.

(1998) and Fernstrom et al. (1994) specified only that electromyographic activities of the

'neck extensor' were being sampled.  Turville et al. (1998) described the placement of all
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muscles sampled (including CES) as �over the belly of the muscle or where it was most

superficial.�   

The other studies documented five distinct electrode locations (Figure 5): at the

C1/C2 level (Keshner et al., 1989; Mathiassen and Winkel, 1990; Queisser et al., 1994), at

the C2 level (Hamilton, 1996), at the C2-C3 level (Bauer and Wittig, ; Lannersten and

Harms-Ringdahl, 1990; Schüldt et al., 1986; Schüldt et al., 1987b; Schüldt and Harms-

Ringdahl, 1988a; Sommerich et al., 2001, Schüldt, 1988b; Sundelin and Hagberg, 1989;

Villanueva et al., 1997), between C2 and C6 (Harms-Ringdahl et al., 1986; Schüldt et al.,

1987a; Schüldt et al., 1987b), and at the C5/C6 level (Kumar and Scaife, 1979). 

The studies examining the primary neck extensors use five names to refer to mus-

cles sampled in primarily the same location: one refers to cervical paraspinal muscles, four

refer to neck extensors, two refer to semispinalis capitis, three refer to the trapezius pars

descendens in the cervical region, and thirteen refer to cervical erector spinae.  Figure 5

depicts the studies grouped by the label used to identify the muscle of interest and the doc-

umented location of the electrodes.  There is little difference in the coverage when com-

paring the lower two blocks in Figure 6: trapezius pars descendens and cervical erector

spinae.  Although the area is more limited  in the upper left block for the �neck extensors�

that area is inconsistent between the studies and still covers areas sampled for the trape-

zius.  Although the two studies reporting sEMG data from the semispinalis are consistent

and restricted, suggesting good precision, it is evident that seven or more studies may have

sampled the same location.

As documented in Figure 5 and Table 3, six different interelectrode distances were

reported for the neck extensors, from 1 cm to 6 cm, with 3 cm as the most common. Eight

studies did not report any interelectrode distances (Fernstrom et al., 1994; Kumar and

Scaife, 1979; Saito et al., 1997; Schüldt et al., 1987a; Schüldt and Harms-Ringdahl,

1988b; Schüldt and Harms-Ringdahl, 1988c; Villanueva et al., 1998; Villanueva et al.,

1997).  Seven studies provided additional accuracy by describing the positioning of the

electrode pairs lateral to the midline. Four distances from the midline, ranging from 1.0

cm to 2.5 cm, were documented.
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1: Hamilton (1996)
2: Harms-Ringdahl et al. (1986)
3: Keshner et al. (1989)
4: Kumar and Scaife (1979)
5: Lannersten and Harms-Ringdahl (1990)
6: Mathiassen and Winkel (1990)
7: Queisser et al. (1994)
8: Schüldt et al. (1986)

9: Schüldt et al. (1987b)
10: Schüldt and Harms-Ringdahl (1988a)
11: Schüldt and Harms-Ringdahl (1988b)
12: Sundelin (Sundelin and Hagberg, 1989)
13: Turville et al. (1998)
14: Villanueva et al. (1997)
15: Schüldt et al. (1987a)
16: Bauer and Wittig (1998)
17: Sommerich et al. (2001)

Note: Only the studies sampling activity from the primary neck extensors that document their electrode location are 
included in this figure.  

Figure 5: Location of Superior Electrode for Primary Neck Extensors
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Figure 5 and Table 3 clearly indicate that the studies are referring to the same mus-

cles, yet sampling different locations and depths of the muscles. Therefore, a consistent

methodology would provide a stronger basis for meta-analysis.
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Table 3: Surface Electrode Location over the Primary Neck Extensors

Author /
task

Description of muscle 
reported to be study-

ing

Location on spine Interelectrode 
distance

Distance 
to 

MindlineC
1

C
2

C
3

C
4

C
5

C
6

Cervical Paraspinal Muscle

Gogia  (Gogia and Sabbahi, 1990) 
Neck extension during fatiguing 
exertion in prone position

Cervical Paraspinal 
Muscles

√ 2.5 cm CTCa 2 cm

Neck extensor

Hamilton  (1996)
Reading and typing from copy on holder

Neck extensor √ 3 cm CTC
Note: dm=2cm for 
electrode caudal to 
C2 height

2.5 cm

Mathiassen and Winkel (1990)
Identify EMG activity in the shoulder 
and neck region according to arm posi-
tion  and glenohumeral torque

Right neck-shoulder 
region

√ 1 cm CTC 25 mm

Sommerich et al. (2001)

VDT work:  reading, keying, mousing

Head and neck extensor 
group in the cervical 
region

√ 1.5 cm CTC 1−1.5 cm

Villanueva et al. (1998)
Two-handed text entry task

Neck extensor group in 
the cervical region 

non specific

Villanueva et al. (1997)
VDT work: mousing

Neck extensors (right 
side) covered by the 
cervical portion of the 
m. trapezius, pars 
descenens

√

Semispinalis capitis

Keshner et al. (1989)
Resisting load on a polar coordinated 
axis about the head

Semispinalis capitis √
2 cm 
below 

the 
occipital 
bone at 
approxi-
mately 
C1-C2

1cm CTC 2 cm

Queisser et al. (1994)
Neck extensions in various head pos-
tures

Semispinalis capitis √ 1.5 cm  between 
outer edges

2 cm

2 cm below the occipital 
bone 

Trapezius par descendens in the cervical region

Schüldt et al. (1987a)
Highly standardized task of keeping a 
soldering pen aimed precisely at a center 
dot with and without arm balancer

upper part of the 
descending portion of 
the trapezius muscle 
covering the cervical 
erector spinae

√

Sundelin and Hagberg (1992)

Self paced typing of a written manu-
script for 30 min.

m trapezius pars 
descendens, including 
the cervical part in the 
C2-C3 region 

√ 2 cm

Sundelin and Hagberg (1989)

Word processing

cervical part of m. tra-
pezius pars descendens

√ 2 cm
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Cervical Erector Spinae

Bauer and Wittig (1998)

VDT work: reading and mousing

where cervical m. 
erector spinae & m. 
trapezius pars 
descended overloap

√ 3cm CTC

Fernstrom et al. (1994)
Typing on a variety of keyboards

M erector spinae 
cervicalis sinister

non specific √ 

Harms-Ringdahl et al. (1986)
Sitting with cervical spine straight or 
flexed and thoraco-lumbar spine 
upright, inclined or reclined

CES  covered by the 
uppermost part of the 
trapezius

√ (C2-C6) 3cm CTC

Kumar and Scaife (1979)
Detailed assembly using a microscope

CES √

Lannersten and Harms-Ringdahl (1990)
Cashiering

Right CES √ 3 cm caudal 1.5-2cm

Schüldt et al. (1986)
Seated light assembly work

over the cervical erector 
spinae covered by the 
upper part of the 
descending portion of 
the trapezius, pars 
descendens

√ 3 cm caudal

Schüldt et al. (1987b)
Highly standardized task of keeping a 
soldering pen aimed precisely at a center 
dot with and without arm balancer

upper part of the 
descending portion of 
the trapezius muscle 
covering the cervical 
erector spinae

√ 3 cm caudal

Schüldt and Harms-Ringdahl (1988c)
Extending neck against a stationary 
sling

Cervical erector spinae 
covered by the upper 
part of the trapezius 
pars descendens 
referring to deep neck 
muscles plus the 
splenius

√

Schüldt and Harms-Ringdahl (1988b)

Extending neck against a stationary 
sling

Cervical erector spinae 
covered by the upper 
part of the trapezius 
pars descendens 
referring to deep neck 
muscles plus the 
splenius

√

Schüldt and Harms-Ringdahl (1988a)

Isometric test contractions of the neck 
and shoulder muscles

Cervical erector spinae 
covered by the upper 
part of the trapezius 
pars descendens 

√ 3- 3.5 cm caudal

Saito et al. (1997)
Word processing 

erector spinae cervica-
lis covered by the right 
side of upper part of the 
trapezius muscle

non specific

Turville et al. (1998)
VDT work:  reading

cervical erector spinae non specific 2 cm

a. CTC: center to center

Table 3: Surface Electrode Location over the Primary Neck Extensors

Author /
task

Description of muscle 
reported to be study-

ing

Location on spine Interelectrode 
distance

Distance 
to 

MindlineC
1

C
2

C
3

C
4

C
5

C
6



�Neck Extensors� Semispinalis capitis

Trapezius pars descendens
 �in the cervical region�

Cervical Erector Spinae

1: Hamilton (1996)
2: Harms-Ringdahl et al. (1986)
3: Keshner et al. (1989)
4: Kumar and Scaife (1979)
5: Lannersten and Harms-Ringdahl (1990)
6: Mathiassen and Winkel (1990) referred to �neck� pair of the Upper Trapezius
7: Queisser et al. (1994)
8: Schüldt et al. (1986)

 9: Schüldt (1987b)
10: Schüldt and Harms-Ringdahl (1987b)
11: Schüldt and Harms-Ringdahl (1988b)
12: Sundelin and Hagberg (1989)
13: Turville et al. (1998)
14: Villanueva et al. (1997)
15: Schüldt et al. (1987a)
16: Bauer and Wittig (1998)
17: Sommerich et al. (2001)

Figure 6: Location of  Superior Electrode for Neck Extensors Muscles 
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Identifying the proximity of the electrode pair to the midline is an important factor

for the semispinalis for two reasons.  First, the dimension aids in electrode location repeat-

ability.  Second, but of equal importance, the distance from the midline is also an impor-

tant factor in reducing crosstalk from the splenius, as illustrated in Figure 7.  Keshner et al.

(1989) commented on the sparse number of fibers in the trapezius above C4, suggesting

that crosstalk from the trapezius would not be a problem if the electrode pair was located

superior to C4.  However, the recommendation is further restricted by the proximity of the

splenius (Keshner et al., 1989; Queisser et al., 1994).  Hence, the description of an area

(Keshner et al., 1989; Queisser et al., 1994) reported to be suitable for electrode location

to minimize crosstalk is small.  From Figure 7 it is evident that precise location of the

electrode is necessary which includes the documentation of the distance from the midline.  

Figure 7: Small Area Reported to be Suitable for Electrode Placement for 
Semispinalis Capitis

Small triangular shaped area Reported 
to be suitable for surface electrode 
placement, per Keshner et al.(1989) and 
Queisser et al. (1994)

Note: Queisser et al. and Keshner et al. loca-
tion description:

� superior to C2
� 2 cm lateral to midline
� inferior to occiput

Semispinalis

Splenius

Trapezius

C2
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2.3.1.2  Electrode location in EMG studies of splenius capitis

The previous section focused on the primary neck extensors; however, the splenius

is both a neck extensor and rotator.  The splenius originates from the spinous processes of

C5-C7 and inserts on the occipital bone and the mastoid process.  The splenius is superfi-

cial to the primary neck extensors near the spinal column.  In order to minimize crosstalk

in the splenius signal, the splenius electrode location must be lateral to the primary neck

extensors.  Only nine studies (two applied, and seven lab-based) were found containing

data collected from the splenius muscle using surface electrodes (Table 4). Two studies of

the external environment examined problems in dentistry (Finsen, 1999; Finsen et al.,

1997).  The theoretical studies included investigations into pain and muscle activity

(Bansevicius, Westgaard & Jensen, 1997), the effects of optical correction on sEMG

activity (Lie & Watten, 1987),  muscle coactivity during single direction head loading

(Keshner et al., 1989),  sEMG torque relationships of neck extensors in various postures of

the cervical spine (Queisser et al., 1994), and the methods for maximal muscle activation

(Schüldt and Harms-Ringdahl, 1988a; Schüldt and Harms-Ringdahl, 1988b; Schüldt and

Harms-Ringdahl, 1988c).

No specific electrode locations were provided in two studies. Lie and Watten

(1987) described the electrode pair location as recording activity �from the muscle in the

upper neck� including the splenius.  In the other studies three distinct electrode locations

were documented at the C2 level (Bansevicius et al., 1997), at the C2-C3 level (Finsen,

1999; Finsen et al., 1997; Schüldt and Harms-Ringdahl, 1988a; Schüldt and Harms-

Ringdahl, 1988b; Schüldt and Harms-Ringdahl, 1988c),  and at the C4 level (Keshner et

al., 1989; Queisser et al., 1994).   Where electrode descriptions were provided, three dif-

ferent interelectrode distances were reported.  Figure 8 identifies the range over which the

splenius has been documented to have been sampled.  Given the parameters documented

in two of these studies (Keshner et al., 1989; Queisser et al., 1994), for subjects with small

neck length and circumference as shown in Figure 8, the electrode pair would not be posi-

tioned over the splenius. 

 Bansevicius et al. (1997) provided additional information by describing the loca-

tion of the splenius electrode pair as being at the C2 level just at the edge of the trapezius,

where the edge was defined to be about 35 to 40 mm lateral to the spinous process of C2.
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The second electrode was located 20 mm directly below the first.  Schüldt and Harms-

Ringdahl (1988a, 1988c) defined the splenius electrode location at the C2 (C3) level

between the uppermost parts of the trapezius and sternocleidomastoid.  Keshner et al.

(1989) located the splenius electrode pair �by measuring 6 cm rostral to the bony promi-

nence at C7 (approximately the C4 level), 6-8 cm lateral, and palpating for the muscle

belly.�  The muscle was palpated between the sternocleidomastoid and the trapezius while

resisting �head extension and lateral rotation in the same direction as the muscle.�

Figure 8 and Table 4 clearly indicate that the studies are inconsistent in at least their docu-

mentation and probably their position along the length of the muscle and the depth of the

muscle being sampled.  Again, a correct and well documented method would provide a

common ground for locating electrodes over the splenius.  

Table 4: Electrode Location over the Splenius

Author /
Task

Location of Electrode Pair Interelectrode 
distance

C2 C3 C4

Bansevicius et al. (1997)
Two-choice reaction time test presented on a PC

√
35-40 mm lateral to 

spinous process

20mm CTCa

caudal

a. CTC: center to center

Finsen  et al. (1997)
Dental work performed by dentists

√ 2 cm CTC

Finsen  (1999)
Dental work performed by dentists

√ 2 cm CTC

Schüldt and Harms-Ringdahl (1988b)
Extending neck against a stationary sling

√  between uppermost parts of the 
trapezius and the sternocleidomastoid

Schüldt  and Harms-Ringdahl (1988c)
Extending neck against a stationary sling

√  between uppermost parts of the 
trapezius and the sternocleidomastoid

Schüldt  and Harms-Ringdahl (1988a)
Isometric contractions of the neck and shoulder 
muscles

√ between uppermost parts of the 
trapezius and the sternocleidomastoid

Keshner  et al. (1989)
resisting load on a polar coordinated axis about the 
head

√  measuring 6cm rostral to 
the bony prominance at 

C7, dm=6-8cm

1 cm CTC

Queisser  et al. (1994)
Neck extensions in various head postures

√
6-8cm lateral

1.5 cm outer edges
or 2.1 cm CTC

Lie  and Watten (1987)
Reading

non specific: upper neck including SPL
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1: Bansevicius et al. (1997)
2: Bauer and Wittig (1998)
3: Finsen (1999); Finsen et al. (1997)
4: Keshner et al. (1989)
5: Queisser et al. (1994)
6: Schüldt et al. (1988a, 1988b, 1988c)

*Note: this location is so far from the mid-line that it would wrap around the side of the 
subject�s neck which would not be clearly visible in this figure.

Figure 8: Location of Superior Electrode in Pair for Splenius
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2.3.1.3  Repeatability

The previous sections addressed the need for a consistent methodology for elec-

trode location in terms of accurate placement over the muscle of interest and the quality of

the signal (i.e., not locating over an innervation site, minimizing crosstalk, etc.).  This sec-

tion will demonstrate the need for considering repeatability of electrode placement when

collecting sEMG in the cervical spine. Repeatability needs to be addressed in terms of the

experimenter�s ability to locate the electrode on the same site during different data collec-

tion sessions (inter-session repeatability) and the ability of different experimenters to

place electrodes in a consistent manner (inter-experimenter repeatability).  Inter-session

repeatability is extremely important for maintaining consistent conditions for experiments

that must be run over several days.  Inter-experimenter repeatability is important for

experiments run by several experimenters, or when trying to replicate previous research.   

Documentation of the repeatability associated with electrode placement is limited.

In a study of reproducibility of test contractions, Veiersted (1991) evaluated the reproduc-

ibility of EMG measurements and electrode placement.  Electrodes were positioned over

the trapezius halfway between two bony landmarks and repositioned using a tracing paper

map of the subject.  Bony landmarks and skin characteristics such as birthmarks were

marked on the paper map.  Electrodes were repositioned to within +/- 2.5 mm longitudi-

nally and +/- 1.5 mm transversely from their original location with a probability of 90%.

These locations were verified by using transparent plaster corresponding to three fixed

points on the skin.  One aspect of this study included moving the electrode location longi-

tudinally and transversely over the trapezius muscle in 3 mm increments.  The results of

the electrode position test (Veiersted, 1991) confirmed the findings of Vigreux  (1979)

that EMG amplitude can be greatly influenced by small changes in electrode position.

Poor sampling repeatability when collecting sEMG activity in the cervical region

is evident in a study investigating trapezius activity when loading the glenohumeral joint

by resisting a strap at the wrist (Mathiassen and Winkel, 1990).  Mathiassen and Winkel

(1990) reported between-days, within-subject variation for normalized sEMG for all elec-

trode pairs over all arm positions.  They also report a variable for contralateral coactiva-

tion (i.e. the muscle activity in the left trapezius when generating torque in the right

glenohumeral joint).  The between-days, within-subjects variation in bilateral variables
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(see Figure 9) improved after removing the data collected by the electrodes at the level of

C1/C2 and 25 mm from the spinal column from the analysis.  The unilateral variable (see

Figure 9) reached the statistical significance level of p<0.01 after removing the data col-

lected by the electrodes at the level of C1/C2.  Thus the variation associated with the data

from the electrode pair located at the level of C1/C2 was high.  This variation may have

been a function of inconsistent electrode placement in the cervical region, changes in the

portion of the muscle being sampled, or changes in antagonistic muscle activity levels.

A method for describing and/or marking the electrode location would improve

repeatability, removing some of the subjective interpretation currently necessary when

placing electrodes.

2.3.2  Normalization

LeVeau (1992) defined the goal of collecting sEMG data to be the comparison of

muscle activity, individuals, and tasks � not the quantification of the myoelectric signal.

The quantification and processing of the sEMG provides an indirect measure of the mus-

cle contraction force necessary to perform an activity of interest.  Unprocessed sEMG data

(in microvolts) are influenced by electrode location, changes in tissue properties, and tem-

perature (LeVeau, 1992).  Since the relationship between muscle contraction force and

EMG activity are influenced by these other factors, a standard reference value (referred to

as normalizing data) is useful in comparing results.  Several different methods of normal-

ization appear in the literature:

� isometric maximal voluntary contractions (% of MVC);

� submaximal isometric contractions (% of subMAX);

Rbil=EMGB---------EMGR

Runi=EMGL---------EMGR

EMGB: EMG activity collected while torque was generated 
with both arms

EMGR: EMG activity collected while torque was generated 
with the right arm

EMGL: EMG activity collected while torque was generated 
with the left arm

Figure 9: Bilateral Variables Defined for Assessing Glenohumeral Joint Loading
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� reference task (% of RT);

� reference contractions (% of RC);

� isotonic contractions (% of IC); and 

� normalization of task in terms of time (% of ITT).

For all the papers relating to sEMG activity in the neck, no studies used the isotonic con-

tractions or normalization of task in terms of time.  One study normalized the data to a ref-

erence task of �sitting relaxed� which could be viewed as a submaximal isometric

contraction; however, no level of exertion was defined  (Wells, Norman, Shannon, Cole,

Woo & Bao, 1998b).  One study utilized reference contractions to normalize their data

(Mathiassen and Winkel, 1990), while another used levels obtained during maximum

exertions (Turville et al., 1998).  

In several studies, data were normalized by selecting a maximum value for each

muscle (MVC)  from a series of pre and post experiment test contractions (Harms-

Ringdahl & Ekholm, 1986; Lannersten and Harms-Ringdahl, 1990).  The maximum value

for each muscle was used as a reference value.  The level of muscle activity during the

experiment was divided by the reference level for the specific muscle.  The result is

expressed as a percentage of the time-averaged myoelectric potential (%TAMP) during

the reference contraction or normalized sEMG level (Ekholm, Arborelius, Fahlacrantz,

Larsson & Mattsson, 1979; Jonai, Villanueva, Sotoyama, Hisanaga & Saito, 1997; Lan-

nersten and Harms-Ringdahl, 1990; Villanueva et al., 1998; Villanueva et al., 1997).   The

methods of normalization used for the primary neck extensors and splenius are summa-

rized in Table 5 and Table 6, respectively.

Kumar and Scaife (1979) explore the muscle activity correlation patterns associ-

ated with changes in workstation setup.  Large variations in sEMG recordings were found

within a session with little or no correlation in the muscle activity patterns between trials.

The lack of correlation between trials or days may be a function of electrode location vari-

ation and normalization technique. However, the potentially overriding explanation for

the EMG variation may be found in the experimentation protocol.  That protocol allowed

for a variety of postures and work styles including inconsistent resting of wrists on the

edge of the table and head against the microscope.  
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Investigations into which normalization technique is correct are limited (Mirka,

1991; Queisser et al., 1994).  In the discussion of methodological problems of a functional

study of sEMG, neck extension torque, and cervical spine position, Queisser et al. (1994)

critiqued several normalization methods for data collected in the cervical region.  Queisser

et al. (1994) commented that the sEMG data described in these studies (Petrofsky, Glaser,

Phillips, Lind & Williams, 1982; Woods & Biglan-Ritghie, 1983) had not duly considered

impact of head and neck position on sEMG comparisons and that the normalization meth-

ods of Schüldt and Harms-Ringdahl  (1988c) were illustrative of �the loose use of normal-

ization procedures hampering the comparison of data obtained by different authors.�

Queisser et al. (1994) performed an experiment to study the EMG torque relationships of

the neck extensors at finely graduated levels of low force with various positions of the cer-

vical spine and consideration of end plates or innervation sites under the electrodes. When

investigating the effect of  normalization method, Queisser et al. (1994) split the data into

groups in which the electrodes were located over and not over innervation zones and

found more pronounced differences without normalizing data. �A reduced variability is

obvious after normalization of the EMG amplitude alone or of the EMG amplitude and

torque� (Queisser et al., 1994).  In other words, normalization produced a reduction of

between-subject variation.  Queisser et al. (1994) did not look at the impact of normalizing

on data collected in postures other than the work posture.  Instead, they normalized their

experimental sEMG data to sEMG data collected during a maximum exertion while in an

upright posture.           
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2.3.2.1  Posture during exertions for normalization purposes

The head and neck posture maintained during test contractions is of concern for

several reasons. In other parts of the body the posture during maximal exertions has been

shown to influence the resulting normalized EMG data (Mirka, 1991).  When normalizing

Table 5:  Methods of Normalization Used with Primary Neck Extensors

Studies Normalization Methods

Not Normalized %MVC %sub MAX %RT

Hamilton (1996), Harms-Ringdahl et al. (1986)a, Keshner et al.

(1989)b, Kumar and Scaife (1979), Lannersten and Harms-Ringdahl

(1990),c Schüldt et al. (1986, 1987b), Schüldt and Harms-Ringdahl

(1988c)d, Schüldt and Harms-Ringdahl (1988a), Sommerich et al.

(2001), Villanueva et al. (1997, 1998), and Wells et al. (1998)

X

Turville et al. (1998),e X X

Queisser et al (1994) and  Sundelin and Hagberg (1989) X X

Wells et al. (1998) X X (50%)

Mathiassen and Winkel (1990)f X (60%)

Saito et al. (1997)  reports all results in non normalized, arbitrary

units which may have corresponded to micro-Volts

?

a. Harms-Ringdahl et al. (1986) described the posture in which maximal exertions (against manual resistance) were per-
formed as a neutral posture

b. Keshner et al. (1989) also collected all data with the head and neck in a neutral posture.
c. Lannersten and Harms-Ringdahl (1990) referred to Schüldt and Harms-Ringdahl (Schüldt and Harms-Ringdahl 1988) 

when documenting their data collection
d.  Schüldt and Harms-Ringdahl (1988c) referred to the positioning during maxes as an upright posture.  
e. Turville et al. (1998) referred to Schüldt (1988) when documenting their data collection
f. Mathiassen and Winkel (1990) reported data as a percentage of a submaximal exertion (60%MVC)

Table 6: Methods of Normalization Used with Splenius

Studies Not Normalized %MVC %sub MAX

Bansevicius et al. (1997) and  Queisser et al. (1994)a X X

Finsen et al. (1997); Finsen (1999),  (Schüldt and Harms-

Ringdahl 1988a, 1988c), and Keshner et al. (1989)b

X

Hautekiet et al. (1997)c X (resting)

a. Queisser et al. (1994) collected MVCs in a prone position which was the posture of interest or working posture.
b. all maxes were collected in the upright posture
c. subjects were sitting in a quiet resting position
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data to a maximal exertion performed in a posture different from the posture in which data

were sampled, questions arise as to the capability of the person to exert a similar maxi-

mum in the sampled posture.  Therefore, normalization effectively scales the data to a

value that is potentially different than the individual�s capability in that posture.  Also, the

portion of the muscle being sampled may have changed owing to the skin (and electrode)

movement over the muscle, causing the sEMG signal to be normalized by data from a dif-

ferent portion of the muscle.  

The postures typically assumed during maximum exertions of neck muscles are

based on a study by Schüldt and Harms-Ringdahl (1988b).  For several muscles, Schüldt

and Harms-Ringdahl (1988b) sought to identify the postures where consistent maximal

exertions could be performed. MVC exertions were collected with the trunk stabilized in a

sitting position while the subject performed various isometric exertions against resistance.

Based on their results, Schüldt and Harms-Ringdahl (1988b) recommended a reduced set

of test contractions designed to maximally activate the muscles of interest, making studies

more manageable and reducing the effect of fatigue.  However, the recommendations did

not take into account the issues surrounding normalization of sEMG data in the posture in

which the data for the task of interest were collected.  

Schüldt and Harms-Ringdahl (1988b) found that three test contractions consis-

tently provided consistent maximum activation for the right splenius, levator scapulae,

sternocleidomastoid, and erector spinae. The three contractions are lateral flexion of head

and cervical spine to the right with resistance against the temple, pushing head and upper

cervical spine forward with resistance against the forehead, and extension of cervical

spine with resistance at occiput and the chest stabilized.  Schüldt and Harms-Ringdahl

(1988b) found that the position of the lower-cervical-upper-thoracic spine impacted the

level of activation during isometric neck extensions. Specifically, peak activity levels in

the cervical erector spinae were obtained in a slightly flexed position.  However, the

upper-cervical spine position did not influence the level of activation during isometric

maximum neck extensions.  Several other test contractions were studied by Schüldt but

were shown to be not as effective (Schüldt and Harms-Ringdahl, 1988b).

Although the work done by Schüldt et al. (1986) was thorough for the neutral pos-

ture, it did not fully address the neck postures that are seen in industry and often evaluated
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in lab-based studies.  Queisser et al. (1994) and Schüldt et al. (1986) described their nor-

malization procedure as collecting maximum values in an upright posture.  Schüldt et al.

(1986) defended the normalization procedure because �the present study is not based on

any assumptions regarding the nature of the relationship between level of muscular activ-

ity and muscular force.�  However, Schüldt et al. (1986) are asserting indirectly that the

use of percentage of MVC is the same as percent capability, which may not be the case if

the normalization process is not posture specific (Mirka, 1991).  Therefore, to develop a

consistent, accurate methodology, experimentation of posture specific normalization in

the cervical region similar to work with the low back  (Mirka, 1991) needs to be consid-

ered.    An illustrative example of the impact of posture during maximum exertions is out-

lined in Table 7.

Of the studies that document their normalization methods, techniques vary in

terms of specific exertions, postures in which data are collected, application of resistance,

and location on the head at which the resistance is provided.  For example, Harms-

Ringdahl and Ekholm (1986) and Harms-Ringdahl et al. (1986) used at most two postures

when collecting MVCs to normalize the splenius and other upper back muscles.  During

Table 7: Example from Pilot Work of the Impact of Posture during Maximum 
Exertion on NEMG

Maximum Exertion Task NEMG:
Normalized with respect 

to MVC collected in 

Neutral 
Posture

Bent Neck 
Posture

Performed in Bent 
Neck Posture

Neutral 
Posture

Bent Neck 
Posture

Left Semispinalis 
Activity

1012 mV 867 mV 465 mV 45.9% 53.6%

Force Exerted 146 lbs 98 lbs

Notice how the NEMG differ by almost 8%.  The exertion performed in the upright posture provides a larger force 
than the exertion performed in the bent posture; however, the task actually requires a larger percentage of the capabil-
ity in the bent position.  Thus normalizing the data collected during performance of the task by the data collected dur-
ing the maximum exertion in the upright posture may be underestimating the task requirement.
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MVCs, they provided firm resistance during neck extension with the subject�s head in a

neutral position and/or shoulder elevation or arm flexion at 90 deg.  Finsen et al. (1997)

collected  MVCs for the splenius in a field study about dentistry.  The seated subjects per-

formed neck extensions by resisting a sling around the head with the neck in a neutral pos-

ture. Villanueva et al. (1997) simply manually resisted attempted neck extension at the

occiput. Turville et al.  (1998) used the three test contractions suggested by Schüldt and

Harms-Ringdahl (1988b) plus two shoulder elevation exertions to activate the trapezius.

Finally, Hamilton (1996) simply stated that maximum exertions were collected using iso-

metric contractions against resistance.  

2.3.2.2  Reliability of Normalization Methods

Several different normalization methods have been used to analyze sEMG data

collected under similar quasi-static conditions, making it hard to compare results. Also, a

normalization method that is unreliable or for which the level of reliability is unknown is

difficult to interpret. For example, a reliable method would group sEMG data from high,

middle, and low exertions dependably into their respective categories for each test

instance. Each test instance might refer to either days, conditions, or subjects.  The reli-

ability of normalization methods is typically not documented (referenced in only three

studies) for the specific purposes they are being applied. General statements about reliabil-

ity are infrequent and typically not helpful.  Lannersten and Harms-Ringdahl (1990) qual-

itatively noted that the method of normalization (percentage of Time-Averaged

Myoelectric Potential) of sEMG was considered reliable because �the activity levels were

approximately the same before and at the retest after the experiment� when performing

isometric maximum exertions.  

Often a normalization method that is documented as reliable for one portion of the

body for a given type of exertion (e.g., low-back (Mirka, 1991)) is used to evaluate sEMG

data in another portion of the body without validation of the reliability.  In an effort to

quantify the reliability of different muscles during typing and mousing tasks, Wells and

colleagues (Wells, Norman, Shannon, Cole, Woo & Bao, 1998a; Wells et al., 1998b) col-

lected sEMG data in the neck and upper extremity during a VDT task. The sEMG activity
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of the cervical trapezius fibers and seven other muscle sites was measured.  Three normal-

ization methods were used: maximum voluntary effort (MVE), 50% of MVE force, and a

fixed load.  The analysis was divided into two areas: reliability within and between days

and responsiveness to different tasks.  

Reliability within and between days was characterized by Intraclass Correlation

Coefficients (ICC).  Overall there was no statistically significant difference between the

normalization methods and unnormalized data (where the amplitude was expressed in µV;

(Wells et al., 1998a).  Specifically, the ICC was poor for the 10th percentile of the ampli-

tude distribution function (ADF) of the cervical trapezius data for the unnormalized and

normalized data while subjects were typing.  The within-day reliability was 0.43 for all

methods; the between-day reliability ranged from 0.44 (unnormalized) to 0.56 (fixed nor-

malization method).  Thus, the data collected in the cervical trapezius location were incon-

sistent during the typing task.  Since the within-day reliability numbers were reported as

averages, some of the normalization methods may have performed better than others for

the cervical trapezius location.  The normalization method chosen for cervical trapezius

location did not demonstrate an increased sensitivity of the 10th percentile ADF to differ-

ences between conditions.

However, increased reliability owing to improved electrode location and normal-

ization methods cannot be ruled out.  An assessment of the reliability of normalization

methods could be performed specific to  the semispinalis capitis and splenius capitis.

Although, further investigation into the effects of normalization method on interpretation

of other percentiles of the ADF results would strengthen the recommendations in a consis-

tent methodology, it will not be addressed in this dissertation.

2.3.3  Signal Collection and Processing

Several issues must be considered when collecting and processing sEMG signals to faith-

fully capture what is occurring in the muscles of interest.  Many of the factors that affect

the signal information cannot be controlled by the experimenter.  These factors include:

neuroactivation, muscle fiber physiology, and muscle anatomy.  Several of the factors that

impact the signal collected which the experimenter has control over have already been dis-
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cussed, such as the distance between electrodes, the location of electrode pairs relative to

muscle, and the normalization method.  Two additional factors the experimenter has con-

trol over are the sampling characteristics and the processing of the signal after collection.

While collecting data, the experimenter has the ability to control the sampling rate, the

sample duration, the bandwidth, and hardware filtering.  In order to process the data to

investigate different temporal and frequency aspects of the signal after the sEMG signal

has been collected, the experimenter may manipulate the data using mathematical filters,

smoothing techniques, and transformations.  In this document, bandwidth limiting will

refer to hardware filtering during data collection and filtering will refer to post processing

of the data with software (unless explicitly stated otherwise).

2.3.3.1  Sampling Rate and Bandwidth

The rate at which the muscle activity is sampled depends on several factors: sub-

ject�s movement velocity, raw vs. integrated signal collection, and requirements associ-

ated with transformations to be performed.   Hardware processed (integrated) signals can

be collected at much lower frequencies since transformation into the frequency domain is

not possible.  However, to examine changes in the frequency domain when exploring

fatigue effects it is necessary to collect unprocessed (raw) signals.  If the raw sEMG signal

is to be transformed into the frequency domain using a Fast Fourier Transform (FFT), the

collection frequency must be a multiple of 2.  Signals collected at a rate other than a mul-

tiple of 2 will be transformed using a slower version of the Fourier transformation.  Some

processing  languages, such as Matlab, will make this adjustment automatically; however,

judicious choices in sampling rates alleviate such a processing speed issue. Sampling the-

ory sets sampling rates at twice the frequency of the highest frequency that will be gener-

ated by the signal of interest (Basmajian and DeLuca, 1985).  It has also been suggested

that, in practice, sampling rates be set to four times the highest frequency expected from

the source  (Kumar & Mital, 1996).  The sampling rates were documented in only twelve

of the twenty-eight studies that processed sEMG data of the neck and ranged from 1 Hz to

2000 Hz (Table 8). 
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Besides the sampling rate, the experimenter may control the bandwidth of the

sEMG signal using hardware filters to limit the frequencies collected. The choice in band-

width is constrained by two factors.  First, the bandwidth choice must be wide enough to

pick up the electrical signal generated by the muscle.  At the same time, the bandwidth

should be as narrow as possible to minimize the noise in the collected EMG signal.  

The choice of bandwidth selections may impact the data to varying degrees, based

on the energy at the various frequencies during data collection.  If the signal contains con-

siderable energy at the cutoff frequency, considerable distortion of the signal would occur

due to a potentially large phase angle distortion.  The potential for phase angle distortion

can be reduced by changing the slope of the roll-off or by increasing the width of the band.

Basmajian and DeLuca (1985) recommend avoiding this difficulty by choosing a cutoff

frequency 10 times greater than the highest frequency expected to have power associated

Table 8: Documented Sampling Rates for Studies Collecting sEMG Data of the Neck

Study  Sampling 
Rate

Highest frequency of 
interest based on 

Nyquist Frequencya

Raw or 
Integrated Signal 

Collected

Sundelin and Hagberg (1989) 1 and 7 Hz 3.5 Raw

Hamilton (1996), Sommerich et al. 
(2001)

100 Hz NAb Integrated

Lannersten and Harms-Ringdahl 
(1990)

5.7 Hz NA Integrated

Bauer and Wittig (1998), Lie and Wat-
ten (1987)

 500 Hz 250 Raw (Bauer and Wittig 1998)
Integrated (Lie and Watten 

1987)

Finsen (1999), Finsen et al. (1997) 512 Hz 256 Raw

Villanueva et al. (1998, 1997) 1000 Hz  500 Raw (Villanueva et al. 1997)
Reports integrated statistics 

(Villanueva et al. 1998)

Turville et al. (1998) 1024 Hz  512 Raw and Integrated

Bansevicius et al. (1997) 2000 Hz 1000 Raw

a. Nyquist Frequency  is twice the value of the highest frequency component of the signal (Basmajian and 
DeLuca 1985). 

b. It is not appropriate, NA, to evaluate the highest frequency of interest for setting the sampling rate when 
collecting an integrated signal.
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with the signal of interest.  Filtering the signal according Basmajian and DeLuca�s recom-

mendations would result in negligible amplitude reduction and minimal phase shift1.  

1. Where the phase is the inverse tangent of the ratio of the imaginary part to the real part of the 
impedance function when expressed as a vector.
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Ten studies documented sampling bandwidth (Table 9).  However, interpreting the

effects of different bandwidths employed in previous studies is difficult without having

the signals that were processed to evaluate.  If Basmajian and DeLuca�s (1985) recom-

mendations were used to set the cutoff frequency for the nine documented sampling band-

widths (Table 9), the greatest signal of interest for several of these studies would appear

low.  These values also appear to have a large spread for the greatest frequency of interest,

with values ranging from 10 to 180 Hz.     

It is not clearly stated when data are being bandwidth limited.  If bandwidth limita-

tion occurs during data collection, all of the power of the data collection signal is utilized

to collect data within the documented bandwidth.  If bandwidth limitation occurs after the

experiment, as a part of post experiment data processing, a portion of the power of the data

collection signal is being discarded as information about frequencies outside the band-

Table 9: Documented Sampling Bandwidth for Studies Collecting sEMG Data of the 
Neck

Study Bandwidth Highest frequency of inter-
est based on Basmajian’s 

recommendationsa

a.  Basmajian recommends a cutoff frequency that is ten times the greatest signal frequency of interest so that 
the amplitude reduction would be negligible  and a phase shift would be at most 5 degrees (Basmajian and 
DeLuca, 1985).

Finsen (1999), Finsen et al. (1997) 2�1800 Hz 180 Hz

Sundelin and Hagberg (1989) 5-500 Hz 50 Hz

Mathiassen and Winkel (1990) 5-1000 Hz 100 Hz

Hamilton (1996) 8-100 Hz 10 Hz

Keshner et al. (1989) 10-200 Hz 20 Hz

Lie and Watten (1987) 10-250 Hz 25 Hz

Queisser et al. (1994) 10-500 Hz 50 Hz

Bansevicius et al. (1997) 10-1250 Hz 125 Hz

Sommerich et al. (2001) 30-2000 Hz 200 Hz
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width is removed.  Consistent documentation of the timing of filtering and bandwidth lim-

iting is necessary. 

A similar effect of restricting the bandwidth can be essentially obtained by passing 

data through a combination of low and high pass filters.  Several researchers describe the 

data as being low pass filtered (Harms-Ringdahl et al., 1986; Kumar, 1994; Lannersten 

and Harms-Ringdahl, 1990; Schüldt et al., 1987a; Schüldt et al., 1987b; Schüldt and 

Harms-Ringdahl, 1988a Hamilton 1996; Sommerich et al., 2001; Turville et al., 1998).  

However, only Hamilton (1996), Turville et al (1998), and Sommerich et al. (2001) actu-

ally documented the values of the low pass filters (100 Hz, 2000 Hz and 2000 Hz, respec-

tively).  High pass filtering is described by Sommerich et al. (2001), Finsen  (1999),  

Finsen et al. (1997),  and Hamilton (1996) at 30, 10, and 8 Hz, respectively.  Of the ten 

studies reporting the restrictions on their data collection using low and high pass filters, 

only Hamilton (1996) and Sommerich et al. (2001) provide both the low and high pass 

values, thus providing the same information as those studies providing bandwidth infor-

mation.
 Given that sEMG data for the neck region are typically collected when subjects

are performing tasks that require the neck to be maintained in a static posture, the number

and spread of the sampling rates and bandwidths seems large. In only a few cases do

authors justify or reference  the details of their signal processing procedures.  Therefore, a

recommendation for common signal sampling and processing characteristics would

strengthen a consistent, accurate data collection methodology, and facilitate comparisons

across studies.

As mentioned previously a judicious choice of bandwidth will minimize EMG sys-

tem noise in the data.  A more thorough explanation of noise properties associated with

EMG equipment and amplifiers can be found in Muscles Alive (Basmajian and DeLuca,

1985). Many of the environmental and experimental interferences generate signals that

occur inside of the bandwidth over which myoelectric signals span (e.g., 60 Hz noise from

lighting, electrical conduits, hand tools, and other equipment).  Such interferences cannot

be addressed by judicious bandwidth choice; rather these effects must be removed using

targeted filters. 
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2.3.3.2  Smoothing and Filtering Collected Signals

Even when the sampling characteristics have been well defined,  the sEMG signal

that is collected may need further refining using filtering and smoothing techniques.  Fil-

tering and smoothing will refer to the manipulations of the data in the frequency and time

domains, respectively.  Basmajian and DeLuca (1985) referred to smoothing as �a useful

approach for extracting amplitude-related information from the signal . . . involving the

suppression of the high-frequency fluctuations from a signal so that its deflections appear

smoother.�  However, the amount of smoothing needed to reduce the inherent stochastic

fluctuations in the EMG signal, and yet still remain true to the muscle activity, is not

definitive.  If a signal is smoothed using a long time period, the nuances of the signal may

be lost or masked.  Several different methods have been documented for smoothing, such

as the frequently used moving average window (MAW).  For the studies that collected

sEMG data in the neck, five different window sizes were used for smoothing with a mov-

ing average window, ranging from 0.1 to 0.5 seconds (Table 10).   Also, it is not clear

whether the window used to smooth the data was trailing, leading, or surrounding the data

point of interest.  Other generic descriptions of signal manipulation or smoothing describe

Table 10: Window Sizes Documented for Moving Average Window Smoothing 
Technique

Study Size of Smoothing Window

Harms-Ringdahl et al. (1986); 
Schüldt et al. (1987a; 1987b); 
Schüldt and Harms-Ringdahl 1988 (1988a); 
Lannersten and Harms-Ringdahl  (1990); 
Villanueva et al. (1997)

0.1 sec.

Bansevicius et al. (1997) 0.2 sec. 

Kumar (1994) 0.25 sec.

Sommerich et al. (2001) 0.4 sec.

Turville et al. (1998) 0.5 sec.
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the signals as being integrated over a time constant of 20 seconds (Hamilton, 1996),  one

second (Keshner et al., 1989), or 10 minutes (Saito et al., 1997).

Often, signals are filtered during data collection using a variety of preset hardware

filters (often referred to as the bandwidth, as discussed earlier).  Even with these hardware

filters, filtering after the data are collected may be necessary due to environmental noise

and motion artifacts. Although such anomalies can easily be identified by inspecting a

periodogram, the choice of which filter to use is not always apparent.  The filter and its

associated parameters can affect the type of information left in the signal and how true the

signal remains to the actual muscle activity.  Only Finsen et al.  (1997)  reported filtering

sEMG data specifically to remove 50 Hz noise.  Environmental noise is particularly prob-

lematic for collection of sEMG data during low-level static work, where the signal-to-

noise ratio is even more critical than in tasks where muscles are more active.  Problems

with environmental noise in sEMG data are not trivial and handling of them should be

explicitly documented.  

2.3.3.3  Transformations

Fatigue onset has been associated with a number of changes in the sEMG signal.

One of the documented measures of fatigue has been a downward shift in the median fre-

quency of the unprocessed EMG signal.  This means that the power in the signal has, over

time, shifted to lower frequencies.  The Fast Fourier Transformation (FFT) uses sine

waves with various frequencies and phases as building blocks.  The FFT has been success-

ful in revealing effects of fatigue as indicated by downward shifts in the median frequency

when analyzing sEMG data collected during moderate to high force exertions which

engage type II (fatiguable) muscle fibers.  The underlying factors responsible for these

changes in the EMG signal are worth revisiting.  

DeLuca (1997) states that there are two main properties of the EMG signal that can

affect the frequency spectrum: �the firing behavior of the motor units, and the shape of the

MUAP� (motor unit action potential).  DeLuca (1997) also states that the explanation of

changes in the spectral parameters of the EMG signal by synchronization of the motor

units (firing behavior of the motor units) is a much abused explanation.  Such synchroni-

zation would only have an effect in the neighborhood of 15 to 25 Hz for most muscles.
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Instead, DeLuca suggests that the changes in the spectral components of the EMG signal

are more likely a result of the �decreasing conduction velocity of the action potential� or

shape of the MUAP.  The decrease in conduction velocity �is causally related to a

decrease in the pH of a bath fluid surrounding the muscle.�  DeLuca (1997) also notes that

the pH of the �interstitial fluid decreases as lactic acid accumulates in the membrane envi-

ronment.�  pH changes were not however, found to be associated with low force contrac-

tions in the leg (Sjøgaard, 1988b).  For smaller muscles, pH levels have not been reported

and in fact are rarely measured during low force exertions due to the invasive nature of the

data collection procedure.  McLean, Tingley, Scott, & Rickards (2000) lists many other

potential causes for the changes in conduction velocity within a fatiguing muscle in addi-

tion to pH changes.  This leaves the door open for investigation of changes in spectral

EMG characteristics during low force exertions.  

One area that has potential for revealing the changes in an EMG signal from a low

force exertion is the transformation used when processing the signal.  The transformation

should be chosen based on signal characteristics rather than convention. It was once

believed that low force exertions could be maintained indefinitely (von Rohmert, 1960).

However, recent studies have demonstrated that fatigue will develop at levels as low as

five percent of MVC  (Sjøgaard, 1988a, 1988b; Sjøgaard, Kiens, Jörgensen & Saltin,

1986).  Downward shifts in the median frequency of the EMG signal, are traditionally

associated with high force exertions (Chaffin, 1969).  EMG-based evidence of fatigue dur-

ing low level contractions is mixed: increased mean frequency (Arendt-Nielsen, Mills &

Forster, 1989), limited evidence of decreased mean frequency (Jørgensen, Fallentin,

Krogh-Lund & Jensen, 1988), cyclic changes in median frequency (McLean & Rickards,

1997; McLean et al., 2000), and no changes in median frequency (Hägg, 1992).  There are

two explanations for the mixed evidence.  First, there may be no actual change in the elec-

trical activity associated with the muscle fibers being recruited at these low exertion lev-

els; therefore, the subjective reported fatigue is solely a function of central fatigue which

is associated with motivation.  Second, the FFT may be insensitive to small changes in the

sEMG signal during  low force, quasi-static fatiguing exertions.  This insensitivity could

be a result of a mismatch between signal characteristics and transformation assumptions.

The FFT is designed to transform data that are stationary (Bendat & Piersol, 1986); how-
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ever, sEMG signals are inherently non-stationary.  This mismatch, albeit small when con-

sidering the length of the sEMG signal being investigated, may be enough to overshadow

the small changes in the low force muscle fatigue.  Comparing sEMG data from low force

fatiguing exertions using the FFT as well as transformations designed to transform non-

stationary data is a logical next step in the study of low force fatigue.

In spite of the opportunities some of the alternative transformations offer, with

regard to analysis of the sEMG signal, these transformation tools are limited in their

scope.  They still provide only an overview of the complete signal, s(t), in the frequency

domain.  These tools lack information about how s(t)�s frequency characteristics change

over time.  

Consider an example (Griffith, 2000)  where a pulse having a duration of 0.5 sec-

onds sampled at 1024Hz and a maximum value of 1 is plotted (Figure 10a). 

Now consider the magnitude of the periodogram as depicted in Figure 10b.  It provides no

information about when the energy arrived (in this case, at 0.25 seconds and lasted until

0.75 seconds).  The time domain representation of the signal clearly indicated the absence

of signal power in the first quarter of a second followed by a half second signal burst.  The

frequency domain representation provides no readily available information about signal

(a) (b)

Figure 10: Pulse signal in the time and frequency domains
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presence or absence.  A second example further illustrates the limitation of the Fourier

transform.  

Consider a signal that is a sequential combination of two Gaussian functions and a

triangular function (row 1, left column of Figure 11).   The frequency domain representa-

tion (row 1, right column of Figure 11) again provides no readily available information

about the temporal changes in the signal that are apparent in the time domain.  The fre-

quency characteristics associated with the three visually distinct signals in s(t) are blended

together in the traditional Fourier transform.  By evaluating the signal in smaller pieces,

additional information relevant to the local signal is revealed.  Rows 2, 3, and 4 of

Figure 11 depict the time and frequency domain of the signal, s(t), during the first, second

and third components of the signal.  Evaluating the signal in smaller pieces provides more

information about the changing frequency characteristics of the signal over time.

Although a simplistic representation of time dependent changes in a signal, this example

provides motivation for using a transformation approach sensitive to non-stationary sig-

nals.

To capture both time and frequency information, a different kind of signal repre-

sentation is needed, which creates a function of two variables, time and frequency, in

order to capture transient effects in the signal. A more complete representation of the sig-

nal can be obtained by using joint time-frequency representations. Time-frequency repre-

sentations fall into two very broad classes: the linear representations and the quadratic

representations. The most well-known examples of these two classes follow.  Linear fre-

quency transformations include: Heisenberg's uncertainty relation and ellipse, Short Time

Fourier Transformation, Gabor Expansion, and Wavelet-based spectral analysis.  Qua-

dratic frequency transformations include: Wigner-Ville Distribution, Time Frequency

Distribution Series, and Cohen's class of distributions. Again, which transformation to be

employed would be a function of the sEMG signal characteristics. 

Little work has been published assessing the merits and benefits of alternative

transformations in EMG data analysis.  Although the theoretical utility of the appropriate

transformation has been highlighted, the practicality of application of these alternative

transformations has not been addressed. Nor has the impact of the transformation on the

interpretation of EMG results been documented.  Therefore, one of the primary goals of
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Figure 11: Combination signal, s(t), in the time and frequency domains
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this dissertation is to address the practicality of implementation of alternative transforma-

tions and joint time-frequency analysis on the interpretation of EMG data.
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2.4  Techniques for Muscle Fatigue Identification

Although not all experts agree on the precise definition of fatigue, most agree that

fatigue occurs when muscles are involved in moderate to high levels of continuous work

or work with insufficient rest times.  However, there is no clear agreement as to when or at

what exertion level fatigue actually begins; some say it begins immediately upon use,

while others believe that there are only degrees of fatigue.  Identifying such an exertion

level, as well as investigating any influence on fatigue, presupposes the ability to identify

fatigue development and measure associated changes in a muscle.  Fatigue development

has been shown to be characterized by changes in physiological responses (Bigland-

Ritchie, Donovan & Roussos, 1981; Bigland-Ritchie, Furbush, Gandevia & Thomas,

1992; Bigland-Ritchie, Furbush & Woods, 1986; Currier, 1969; Gamet & Maton, 1989;

Sjøgaard et al., 1986) and the EMG signal in the time (Bigland-Ritchie et al., 1986; Cur-

rier, 1969; Gamet and Maton, 1989; Moritani, Nagata & Muro, 1982; Öberg, Sandsjo &

Kadefors, 1994) and frequency domains  (Arendt-Nielsen et al., 1989; Gamet and Maton,

1989; Hägg, 1992; McLean and Rickars, 1997; McLean et al., 2000; Moritani et al., 1982;

Öberg et al., 1994).

In reviewing the literature on EMG-based fatigue related research, eight indicators

of fatigue have been identified: increases in EMG signal amplitude, downward shifts in

mean and median frequency, downward shift in upper frequency limit, decrease in zero

crossings, increases in tremor in both the frequency domain and as a physiological

response, decrease in force generating capacity, and subjective response. 

Physiological responses identifying fatigue development include an increase or

onset of physiological tremor (Bigland-Ritchie et al., 1992; Gamet and Maton, 1989), and

a decrease in force generating capacity of the muscle (Bigland-Ritchie et al., 1981;

Bigland-Ritchie et al., 1992; Bigland-Ritchie et al., 1986; Currier, 1969; Gamet and

Maton, 1989; Sjøgaard et al., 1986).  An indicator of fatigue onset in the time domain was

an increase in the integrated sEMG signal amplitude associated with a constant force exer-

tion (Bigland-Ritchie et al., 1986; Currier, ; Gamet and Maton, 1989; Kuroda, Klissouras

& Milsum, 1970; Moritani et al., 1982; Öberg et al., 1994) and a decrease in the number of

zero crossings (Hägg & Suurkula, 1991; Hägg, Suurkula & Liew, 1987; Suurkula & Hagg,
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1987).  Frequency domain indicators of fatigue in a sEMG signal included a downward

shift in the median frequency (Gogia and Sabbahi, 1990), in mean frequency (Gamet and

Maton, 1989; Moritani et al., 1982), and in the upper frequency limit (Gamet and Maton,

1989).  The upper frequency limit refers to the highest frequency with at least one percent

of the power of the signal.  Basmajian and DeLuca (1985) outline four explanations for the

increase in amplitude and the frequency shift of EMG signals during sustained muscle

contractions:

� motor unit recruitment,

� motor unit synchronization,

� changes in the conduction velocity of muscle fibers, and

� regularity (coefficient of variation) of the motor unit discharge.

Since these factors have the potential for modifying the energy distribution of the lower

frequency portion of the power density spectrum, Basmajian and DeLuca (1985) note that

these issues are not suitable for explaining large changes or changes across all portions of

the power spectrum.  Although Basmajian and DeLuca (1985) address the relationship

between timing of increases in the amplitude of the EMG signal and the frequency shift,

they do not address the mechanism for fatigue manifestation without frequency shifts.

When exploring fatigue responses, Öberg et al. (1994)  and Arendt-Nielsen et al. (1989)

found mixed changes in the frequency domain parameters during high and low force exer-

tions.  Both Öberg et al. (1994)  and Arendt-Nielsen et al. (1989) found decreases in mean

frequency parameters during high level exertions.  Arendt-Nielsen et al. (1989) found

increases in mean frequency during low level (10-20% MVC) exertions.  Öberg et al.

(1994) found no evidence of changes in the mean frequency during low level exertions.

However,  Jorgensen et al. (1988), Hägg (1992), and McLean and Rickards (1997) found a

downward shift in the mean frequency with low force exertions.  McLean et al.  (2000)

identified cyclic trends in the mean frequencies of the myoelectric signals during pro-

longed computer terminal work.   

A summary of fatigue indicators used in the research reviewed is provided in

Table 11.  Note the column for tremor is shared under both the sEMG frequency domain

and physiological response headings to reflect the manner in which the fatigue indicator is
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reported.  One study documented an increase in amplitude in the power spectral density

function (PSDF) in the 12 to 17 Hz range due to tremor (Gamet and Maton, 1989).     

In a non-EMG study of fatigue, Sjøgaard  (1988a) found no changes in metabolic

criteria (i.e., lactate accumulation, muscle glycogen, venous oxygen tension, and muscle

temperature) after 1 hour of exertion at a 5% MVC level.  The study reported that blood

flow was sufficient to maintain homeostasis during contraction levels below 10% MVC.

However, fatigue (as measured by time until exhaustion, ratings of perceived exertion, and

drop in MVC) occurred, even though blood flow during the low level sustained contrac-

tions should have been sufficient to prevent fatigue by maintaining homeostasis.  

Although there is a large body of fatigue literature available, only a small percent-

age pertains to low force exertions characteristic of many sustained working postures.  By

using measures designed to detect fatigue developed during high force exertions, low

force fatigue development may be ignored, overlooked or misinterpreted.  More research

in the area of low force fatiguing exertions and data analysis is necessary to successfully

detect and characterize the nature of low level fatigue and is therefore another primary

goal of this dissertation.
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Table 11: Non-Invasive Fatigue Indicators Identified in a Literature Review of 
Fatigue Research using sEMG

Study/Task; 
Muscle Studied;

# of Subjects; (Age Rangea)

Exertion Level sEMG Time 
Domain

sEMG Frequency Domain Physiological responses

Joint 
Load

Mus-
cle 

Load

EMG 
Signal 

Amplitude

Mean Freq. Median 
Freq.

Fre-
quency 
Bands

Tremor Force 
Generating 
Capacity

Arendt-Nielsen et al. (1989); 
vastus lateralis; maintenance 
of target forces; n=5;

10-
40% 
MV
C

▲b (steeper 
▲ during 

higher force 
contrac-

tions)

LFc: ▲ 

HFd: ▼

Bigland-Ritchie et al. (1981); 
adductor pollicis; fatiguing 
and non fatiguing contraction; 
n=3

10-
100
% 

MV
C

▼
lower 
part of 

the spec-
trum

(voluntary 
and twitch 
response to 
stimulation)

Bigland-Ritchie et al. (1992); 
tibialis anterior; voluntary and 
stimulated ankle flexion; n=5; 
(31-45)

MVC 
fol-

lowed 
by 

stimu-
lation

smaller force 
oscillations 
with short 

muscle lengths

etwitch 
response to 

1Hz stimula-
tion)

Bigland-Ritchie et al. 
(1986); quadricep and soleus 
muscle; submaximal, intermit-
tent isometric voluntary and 
stimulated exertions;  n=10; 
(18-50); n=3 w/adductor polli-
cis

50% 
MVC

▲e  ▼b for both 
muscles vol-
untarily and 
for the quad-

ricep
by stimula-
tion (mixed 
for soleus)

Gamet and Maton (1989); 
biceps and triceps brachii, and 
brachioradialis; isometric con-
traction w/ elbow; n=5; (20-
24) 

25%
MV
C

 ▲f HF:  ▼e

 
▼

in the 
upper 

freq limit

peaked12-17 
Hz; ▲

▼

Currier (1969); deltoid
isometric exertion, hand hold-
ing weight; n=5; (21-38)

hold-
ing  

7 lb. 
wt 

mixed ▲ 
and  ▼ 

time to 
fatigue

Hägg (1992); descending trap 
and infraspinatus; manual coil 
winding or high precision 
assembly n=14;(N/A)

▼
 

▼ ▼ upper 
band; 

▲ lower 
and mid 

band; 

Jørgensen et al. (1988); finger 
flexors, biceps, triceps, and 
knee extensors; flexion and 
extensor tasks;  n=5; (N/A)

5-
10% 
of 

MV
C

▲e  LF: ▼e ▼MVC 
capability

Kuroda et al. (1970); rectus 
femoris; isometric exertion w/ 
leg; n=6; (21-43)

25-
100
% 

MV
C

▲

Kuorinka (1988); biceps and 
triceps; kinetic, rhythmic and 
isometric elbow exertions; 
n=12; (N/A)

15-
60%
MV
C

Kinetic: 
variable 
changes

Isometric: 
▼ 
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McLean and Rickards (1997); 
lumbar erector spinae muscles 
and cervical extensors; mainte-
nance of a seated posture; n=6; 
(28-45)

 ▲e first 20 
min; 

followed by 
(▼▲)

LF:  ▼e

first 20 
min; fol-
lowed by 

(▼▲)

McLean et al. (2000); cervical 
paraspinal extensors, lumbar 
erector spinae, upper trapezius, 
and forearm extensors; com-
puter tasks, n=18; (28-56)

LF: 
(▼▲)e

used a 
weighted 

and scaled 
values;

Moritani et al. (1993); quadri-
cep femoris; cycling; n=20; 
(19-29)

▲ ▼g

Moritani et al.  (1982); soleus
and biceps isometric fatigue
contraction; n=8; (N/A)

30-
80% 
MV
C

 HF: ▲e  HF:  ▼e

Moritani et al. (1986); biceps
brachii isometric fatigue con-
traction about elbow; n=12;
(N/A)

50%  
and 
Max 
MVC

HF: ▲  ▼ef  ▼

Öberg et al (1994); right trape-
zius; isometric exertion, out-
stretched arm holding weight;
n=20; (23-58)

0-
2kg 
held 
in 

hand

▲ LF: no 
change
HF: ▼

Sjøgaard et al.  (1986)h; knee 
extensors (RF and VL); exten-
sions; n=7; (24-30)

5, 20 
50, 

80% 
MV
C

changes in  
amplitude 
provided 

evidence of 
muscle sub-

stitution

 ▼ 88%; ▲ 
in 1 experi-

ment

a. Not all studies provided range information.
b. ▲: increase, ▼: decrease, (▼▲): cyclic response (increase of statistic followed by a period of decrease of statistic)
c. LF: Low Force
d. HF: High Force
e. Statistically significant result found with this measure
f. Correlated changes with exertion time or fatigue
g. Also counted motor unit spikes using data with fine wire EMG
h. Physiological information (i.e., intra-muscular pressure and blood flow in femoral vein) was also collected using invasive techniques.

Table 11: Non-Invasive Fatigue Indicators Identified in a Literature Review of 
Fatigue Research using sEMG

Study/Task; 
Muscle Studied;

# of Subjects; (Age Rangea)

Exertion Level sEMG Time 
Domain

sEMG Frequency Domain Physiological responses

Joint 
Load

Mus-
cle 

Load

EMG 
Signal 

Amplitude

Mean Freq. Median 
Freq.

Fre-
quency 
Bands

Tremor Force 
Generating 
Capacity
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2.5  Age-related Soft Tissue Changes 

As the workforce ages, new information is needed to understand the capabilities

and limitations of the aging employee.  Such information will help tailor job demands to

meet the capabilities of the aging workforce.  In an investigation designed to quantify and

compare job demands, physical fitness, and work ability of vehicle inspectors where static

load on the neck-shoulder region was high, physical job demands were found to be equal

for young and aging employees (Miettinen & Louhevaara, 1994).  However, the subjects

in the aging group (45+ years old) had a 14% reduced work ability compared to young

workers (<35 years old) and had lower aerobic and muscular fitness.  Work ability was

assessed using an index comprised of seven items rated on integer scales (Tuomi, 1991).

Miettinen and Louhevaara (1994) discussed the increased probability of work-related

health problems in the aging employees group as a result of decreased capacity without an

associated reduction in physical job demands.  

Understanding the relationship between job demands and the ability of the older

individual to meet those demands requires an understanding of the age-related physiologi-

cal changes associated with anatomical structures performing the work.  Although there

are age-related changes associated with bony structures, this discussion will focus on the

changes associated with soft tissues.  These changes are more relevant to the static work

that is the focus of this research.  The soft tissues associated with task performance are

comprised of passive and active components, and each is discussed in turn, below.

2.5.1  Changes in Passive Tissues

One of the changes associated with aging occurs in the passive components of the

soft tissues.  Those tissues include: ligaments, tendons, and inter-vertebral discs.  For

example, significant changes in the spinal ligaments occur between the second and sev-

enth decades.  The anterior and posterior longitudinal ligaments undergo changes of 7%,

28%, and 22% in elasticity, residual deformation and energy dissipation, respectively,

during this time span (Ashton-Miller & Schultz, 1997).  Such changes have biomechanical

implications in the stability of the spine as a system.  The stability requirements previously
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provided by passive components in the early years may have to be provided by active tis-

sues (muscles) in the later years. Thus fatigue onset may change with age.  Other changes

in spinal passive tissues include changes in intervertebral disc height.  Disc degeneration

begins in the second decade of life. Changes in disc height are a function of disc degener-

ation and increased curvature of the vertebral end plates (Ashton-Miller and Schultz,

1997).  Other changes include changes in range of motion of joints due to changes in bone

structures.  For example, the angulation of cervical facets increases the lordosis in the cer-

vical spine (Ashton-Miller and Schultz, 1997), which will increase the moment arm of the

head.  The combination of increased  moment arm of the head and decreased passive tis-

sue tension may result in increased loads on the active tissues or agonist muscles in the

cervical spine (primary neck extensors).  With increased loads on the muscles which

maintain posture of the cervical spine, it stands to reason that the muscles of an older indi-

vidual would be working harder to perform the same task requiring maintenance of a static

neck posture as a younger individual.  Hence, the muscles of an older individual may

fatigue faster than the younger individual performing the same task.  

2.5.2  Changes in Muscle Tissues, Response, and Performance

To meet the challenge of balancing capabilities and demands, the change in capa-

bility as a function of aging must be documented.  The ability of a person to create and

maintain a force throughout muscle exertions is one measure of capability.  Since skeletal

muscle loss begins after age 25, maintaining a given force requires more effort with

reduced muscle mass.  Typically 4% of existing muscle is lost per decade until the fifth

decade, where the rate of loss increases to 10% of existing muscle  (Booth, 1993).  These

rates may be reduced, but not eliminated, by strength training exercise   (Booth, 1993).  

A decrease in absolute strength of larger muscle groups ranges from 40% to 60%

between 30 and 80 years (Grimby & Salton, 1983).   Some researchers attribute such

changes in strength only to atrophy (Faulkner & Brooks, 1993); others contend that such

weakness has a different origin.  In a study on aging mice, the power exerted by equal

cross-sectional areas of muscle decreased with age owing to changes in the number of
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cross bridges, a decreased force per cross bridge, or some combination of the two (Brooks

& Faulkner, 1988).  The study also showed a 20-25% reduction in both slow and fast

twitch muscle mass.

Not only is muscle mass lost and muscle strength decreased with age, the muscle

that is maintained is more susceptible to injury and takes longer to recover (Ashton-Miller

and Schultz, 1997).  Faulkner and Brooks (1993) proposed that �contraction-induced

injury to fibers produces a temporary denervation, which is more likely to become a per-

manent denervation in muscles of old animals.�  Their basis is found in studies on mixed

muscles of humans (Campbell, McComas & Petito, 1973) and rats (Kanda & Hashizume,

1989), providing indirect evidence of loss of fast motor units and increased numbers of

fibers in the slow motor units.  This is referred to as age-related selective denervation of

fast fibers. Other age-related changes in muscle activity include: lower short-latency

reflex response and enhanced long-latency reflex response (Lin & Sabbahi, 1998),

decreased muscle fiber size (Hughes & Schiaffino, 1999), changes in activation patterns

associated with certain kinematics (McGill, Yingling & Peach, 1999), and slower recov-

ery from fatiguing high force exertions (Hara, Findley, Sugimoto & Hanayama, 1998).  

The impact of age on muscle fatigue has been examined under medium and high

force conditions (Deeb, Drury & Pendergast, 1992; Hara et al., 1998).  These studies

reported contradictory results.  Hara et al. (1998) found that older subjects fatigued faster

than younger subjects; while Deeb et. al. (1992) reported increased time to fatigue with

increased age.  Hara et al. (1998) examined the abductor digit minimi muscle at 50 percent

of the maximum.  Deeb et al. (1992) examined the biceps and quadriceps at 20%, 40%,

60%, 80% and 100% of MVC.  Deeb et al. found increased endurance time with age at

40% and 60% of MVC.  No differences were found at 20%, 80% or 100% of MVC.  Both

age groups maintained the 20% exertion for the 5 minute data collection time.  Although,

these studies address aging and fatigue, they do not address fatigue onset during low force,

static exertions.

Understanding the age related changes of muscle tissue and muscle activation is

important to understanding how the muscles will perform during low force static exer-
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tions.  Low force static exertions are performed by the cervical spine muscles during a

variety of tasks that may be performed by older individuals, such as sewing, light assem-

bly and VDT work.

Although increased age has been shown to impact the onset of and recovery from

muscle fatigue during  moderate and high force exertions, age has not been studied during

low force, sustained contractions typical of those in the workplace.  Many of the muscle

fatigue parameters associated with age related changes are attributed to decreases in the

number and or diameter of type II muscle fibers.  Coupling this information with Camp-

bell et al. (1973) and Kanda and Hashizume (1989) indirect evidence of increased num-

bers of fibers in slow motor units, two aging and fatigue related questions will be

addressed in this dissertation:
1.  Will increased age affect muscle capability during low force, sustained, fatiguing 

exertions? 

2. Will age affect recovery from muscle fatigue?
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3.  Goals and Objectives of the Dissertation

This dissertation has two primary goals.  The first goal is to develop suggestions

for a �best practice� for studying the activity of the primary neck extensors and flexors

that are accessible via surface electromyography.  The second goal is to investigate the

effects of age on fatigue in the neck musculature.  To accomplish these two goals, seven

objectives have been defined: 

1.  Develop a set of electrode placement locations that will afford consistent place-

ment of surface electrodes over the splenius capitis and semispinalis capitis.

2.  Determine if the posture in which the normalization or maximum exertion is

performed has a significant impact on the sEMG data results.

3.  Recommend an appropriate signal collection parameter set based on the signal

processing literature and knowledge of muscle physiology.

4.  Determine if an ideal filter can remove more noise, but less of the original sig-

nal, when compared to the commonly used Butterworth filter.

5.  Investigate the use of  transformations that are more specific or focused, based

on signal characteristics such as non-stationarity of sEMG data, making the

analysis of the frequency domain data more responsive to changes in the

sEMG signal.

6.  Investigate the use of the Joint Time-Frequency Analysis method on sEMG

data.

7.  Quantify the effect of age on fatigue development and recovery in the superfi-

cial neck extensor muscles during low force exertions.

The first six objectives will be addressed in the Phase 1 of the dissertation and will address

the first goal of the dissertation (developing a �best practice� for surface EMG data collec-

tion, processing and analysis for the neck muscles).  Outcomes from Phase 1 will be used

to establish methods employed in Phase 2, wherein age-related effects during fatigue and

recovery will be explored.  Similar to the work of Wiker, Chaffin & Langolf (1989), Phase

2 will take a multi-modal approach in assessing fatigue and fatigue recovery.  Subjective

reports of fatigue and discomfort, changes in sEMG parameters in the time and frequency
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domain (amplitude, rms values, median frequency) and force generating capability will be

used as dependent variables to detect fatigue and recovery.  

This research will provide suggestions for appropriate methods to standardize data

collection and processing methods, standardize reporting methods, demonstrate the need

to study the effects of age during low force exertions, and explore the potential benefits of

employing alternative processing and analysis techniques such as the Gabor transforma-

tion and Joint Time-Frequency Analysis.  

3.1  Phase 1 - identification of a “best practice”

The goal of Phase 1 is to identify a �best practice� for studying the activity of the

posterior neck muscles that when activated bilaterally extend the neck and are accessible

via surface electromyography.  This will include examination and specification of data

collection, processing, and analysis methods, including identification of fatigue and recov-

ery.  Data collection components addressed will include electrode location, normalization,

sampling rate, and sampling bandwidth.  Data processing elements addressed will include

filtering techniques and transformations.  Data analysis investigations will focus on the

implementation of Joint Time-Frequency Analysis for identifying muscle fatigue and

recovery. 

3.1.1  Electrode Location

The studies previously reviewed sampled different locations over the neck mus-

cles, as well as depths of the cervical musculature.  Therefore, the first objective is to

develop a set of electrode placement locations and descriptions that will afford consistent

placement of surface electrodes over the most superficial portions of the neck muscula-

ture, based on cadaver and ultrasound studies. The utility of this electrode placement

investigation is to determine a site which seems to provide the best surface access (i.e. no

overlying muscle) and is farthest from other muscles (in the transverse plane) which might

be sources of crosstalk.  This location investigation will not address crosstalk associated

with muscle deep to the muscle of interest.   
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3.1.2   Normalization

The review Section 2.3.2 on normalization techniques highlighted a variety of

methods used for normalizing sEMG data from the neck muscles during static or quasi-

static conditions.  Since the studies used different normalization techniques, the body of

research has created a set of results for which meta-analysis is difficult to perform.  There-

fore, the recommendations from the body of research as a whole are inconsistent and

therefore weakened.  The second objective of this dissertation is to examine one important

aspect of normalization -- posture.   Specifically, the second objective is to determine if

the posture in which the normalization or maximum exertion is performed has a signifi-

cant impact on the sEMG data results.   This investigation can determine whether the cur-

rently employed practice, normalizing data to data collected in an upright posture,

significantly affects the resulting sEMG data.   If posture-specific normalization has no

significant effect, then normalizing data to that collected in an upright posture is more

convenient for the experimenter and potentially reduces the number of maximum exer-

tions the subject must perform.  However, if this method of normalization does signifi-

cantly impact results, posture specific normalization can be justified for the cervical spine

as Mirka  (Mirka, 1991)  did for the lumbar spine.

3.1.3  Signal Collection and Processing

The studies that collected sEMG data from neck muscles used a variety of signal

collection sampling rates, sampling bandwidths, smoothing techniques, and filtering tech-

niques.  The third objective is to recommend a signal collection parameter set, based on

the signal processing literature, which is consistent with knowledge of muscle physiology.

If a consistent and cohesive set of signal collection parameters were employed by

researchers, comparisons between experiments would be easier.  Such reduction in

method variability would provide a more stable foundation for the data and recommenda-

tions associated with the biomechanics and ergonomics of the cervical spine.  

The fourth objective is to determine if an ideal filter (specifically the joinesfilter.m

written in  MATLAB)  removes more noise, but less of the original signal, when com-

pared to the widely used Butterworth filter.  The utility of an ideal MATLAB filter is two-

fold: it is easy to understand, explain, and implement and is easily shared with other
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researchers who use MATLAB to perform data processing.  Documenting the merits of an

easily accessible and usable filter builds on the notion of reducing variability in the

method of signal collection and processing between studies of the neck muscle activity.

By reducing methodological variability, small differences in the effects of independent

variables may be identified.

3.1.4  Signal Analysis 

After exploring various approaches to processing pilot data, several alternative

methods for signal processing were identified.  For conversion of data into the frequency

domain, the Fourier transformation is the most widely accepted and accessible method for

data transformation. However, other approaches, such as the use of the Gabor transforma-

tion (Pedersen, 1997), may be more appropriate for sEMG data analysis.  The joint time-

frequency approach (JTFA) (Pedersen, 1997; Qian & Chen, 1996) to data analysis may

reveal some of the nuances of sEMG data collected during extended duration, low-force

exertions.  

The fifth objective pertains to sEMG signal analysis techniques: to investigate the

use of transformations, in conjunction with the JTFA approach, that are more appropriate

for analysis of non-stationary signals, such as EMG data.  Such transformations may make

the analysis of the frequency domain data more sensitive to subtle changes of the sEMG

signal.  Such sensitivity might afford identification of changes in signals from type I mus-

cles during sustained low intensity exertions.  The sixth objective pertaining to sEMG sig-

nal analysis techniques is to investigate the use of the Joint Time-Frequency Analysis

method on sEMG data.  These latter two objectives may provide new approaches to signal

analysis that may identify the subtle changes associated with low force, static exertions

that are currently not detected with the FFT.

3.2  Phase 2 - Investigation of Aging and Fatigue 

Literature pertaining to aging physiology shows that as individuals age, many changes

take place in the musculoskeletal system.  These changes have been shown to influence

the onset of fatigue in �power� muscles, affecting subject�s strength. The seventh object of
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this research is to investigate the impact of age on fatigue development and recovery in

muscles of the neck (postural muscles) during low force exertions. This objective will be

accomplished by testing several hypotheses: 

1)  With increased age, the time to fatigue onset decreases in neck muscles during 

low force exertions (e.g.: Older subjects will not be able to maintain the sub-

maximal exertions as long as the younger subjects).  

2)  Older subjects� EMG levels will return to pre-fatigued levels more slowly than 

younger subjects� during the submaximal test contraction (i.e., during the ini-

tial recovery period following the fatiguing exertion).  

3)  Older subjects will recover a smaller percentage of their maximum strength 

than younger subjects after the initial recovery period.

A better understanding of the age-related differences between subjects� development of

and recovery from fatigue (developed at a low force) may provide new insight into some

applied issues.  Or, it may motivate the use of a broader age spectrum for sample popula-

tions in research studies whose findings are to be applied to the working population.
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4.  Evaluating Accessibility of Neck Musculature for sEMG Data Collec-

tion

A review of 23 studies in which the primary neck extensors and 9 studies in which the

splenius activity was sampled using sEMG revealed a substantial degree of inconsistency

in muscle terminology and electrode positioning (location, interelectrode distances, and

distances to the midline).  These inconsistencies, summarized in Table 12,  make both the

interpretation of and comparisons between studies difficult.  To mitigate some of the con-

fusion surrounding electrode location in the neck, this investigation had several purposes:

� to determine, in a small sample of people, the accessibility of the semispinalis capitis 
and splenius,

� to determine the effect of posture change (neck flexion) on muscle accessibility, and
� to determine whether the use of ultrasound could improve (compared to palpation) 

electrode placement by identifying accessible sites.
  

A study was designed and completed to address these issues associated with elec-

trode positioning over the semispinalis capitis and the splenius.  This investigation also

addresses location accuracy and movement of the electrode pair away from the muscle of

interest due to flexion of the head and neck.  It does not address the proximity of the elec-

trodes to the innervation sites of the muscles.  

Table 12: Summary of documented electrodes position for sEMG in the cervical 
spine

Muscles (Number of studies 
collecting sEMG for this 
muscle)

Number of different electrode  loca-
tions 

Number of different interelectrode 
distances [range of distances]

Number of different distances to 
midline [range of distances]

primary neck extensors 7 (4 non-specific) 5 
[1 to 6 cm]
 (8 did not report)

6
[1.5 to 2.5 cm]

� 1 refers to cervical paraspinal muscles
� 4 refer to neck extensors
� 2 refer to semispinalis capitis
� 3 refer to the trapezius pars descendens in the cervical region
� 13 refer to cervical erector spinae

splenius (9) 3 (2 non-specific) 3 
(4 did not report)

N/A



62

4.1  Methods

The experiment consisted of locating the left and right splenius and left and right semispi-

nalis capitis using a structured neck marking procedure in addition to traditional muscle

location techniques and evaluating those locations using ultrasound technology.  Typi-

cally, electrodes are positioned based on palpation of muscle or muscle stimulation.  The

researcher palpates the muscles to identify the small accessible areas such as the area for

the semispinalis capitis reported by Keshner et al. (1989) as being superior to C2, 2 cm lat-

eral to midline and inferior to occiput.  Placement might be improved if the muscle was

visible to the researcher.  This would require looking under the skin with some advanced

technology such as a CT Scan, MRI, or ultrasound.  

4.1.1  Apparatus

For several reasons, ultrasound technology was used in this study to examine the arrange-

ment of the subjects� muscles.  First, the risks to the subjects was minimal when compared

to CT Scans and MRI.  The high quality images produced are easily interpreted, whereas

results from CT Scans and MRI data are more difficult to interpret for untrained individu-

als.  The costs associated with ultrasound assessments are less than CT Scans and MRI

sessions.

The use of ultrasound equipment in this research was made possible through the

generosity of Duke University Medical Center (DUMC).  Although use of ultrasound

equipment is fairly intuitive due to the dynamic, real-time nature of the technology, hands-

on experience was necessary to develop the dexterity and coordination required to identify

the neck muscles.  This experience was gained during intensive pilot work at DUMC.

Another benefit of using ultrasound in this study, compared to MRI or CT Scans, was that

subjects� muscles could be evaluated while the subjects maintained an upright, seated pos-

ture typical of that in a working environment.

The ATL HDI 5000 ultrasound system with a CL 10-5 transducer (frequency 12

MHz) and the musculoskeletal program option was chosen based on pilot work docu-

mented in Appendix II.  Ultrasound technology generates gray scale images from the

response of soundwaves reflecting off tissues.  Muscle tissues appear dark with light out-
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lines formed by fascia.  The dark muscle area and light outline change shape (typically

appear slightly more cylindrical) when the muscle is contracted.  Myotendonous junctions

gradually brighten in the center of the  fascia outline as the muscle changes into tendon.

Tendons appear bright.  Adipose (fat) tissue appear speckled gray without defined bound-

aries.

4.1.2  Subjects

   Twenty-one subjects from NC State University and the surrounding area were recruited

for participation in this study.  Subjects ranged in age from 21 to 75 years of age and con-

sisted of eight females and thirteen males (see Table 13).  

Table 13: Subject Anthropometry

All Subjects
(n=21)

Female Subjects
(n=8)

Male Subjects
(n=13)

Mean Min. Max Mean Min. Max Mean Min. Max

Age (years) 40.3 21.0 75.0 43.9 24.0 75.0 38.2 21.0 67.0

Stature (cm) 171.4 152.9 187.4 163.6 152.9 173.1 176.2 166.0 187.4

Weight (kg) 76.7 52.2 108.9 71.8 52.2 106.6 78.2 64.9 108.9

COR of Hip to C7 (cm) 61.3 52.7 67.8 58.6 52.7 67.8 63.0 57.8 67.2

C7 to Vertex (top of head) (cm) 26.1 22.8 29.5 25.6 23.2 27.6 26.4 22.8 29.5

C7 to Canthus (cm) 20.9 19.4 23.8 20.5 19.5 21.9 21.1 19.4 23.8

Shoulder Breadth (cm) 39.0 33.0 45.4 36.0 33.0 37.4 40.8 35.9 45.4

Neck width at C4 (cm) 11.2 9.0 13.5 10.2 9.0 11.2 11.9 9.8 13.5

Neck width at C2 (cm) 11.0 9.0 12.8 9.9 9.0 11.7 11.6 10.4 12.8

C7 to Occiput (cm) 6.8 3.6 10.0 6.9 4.5 8.4 6.8 3.6 10.0

C7 to Top of ear (right) (cm) 18.8 17.0 23.0 18.0 17.3 19.2 19.2 17.0 23.0

Angle between midline and top of 
ear (right) (cm)

63.6 58.0 73.0 64.8 58.0 73.0 62.9 59.0 71.0

C7 to Top of ear (left) (cm) 19.0 16.9 22.5 18.6 17.7 20.7 19.3 16.9 22.5

Angle between midline and top of 
ear (left) (cm)

61.1 52.0 73.0 61.1 52.0 67.0 61.2 53.0 73.0

Neck circumference at C4 (cm) 36.5 30.3 44.0 33.0 30.3 37.0 38.7 33.2 44.0

Neck circumference at C6 (cm) 36.0 29.7 43.5 32.5 29.7 36.2 38.2 32.8 43.5
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4.1.3  Protocol

After the experiment was described, subjects were asked to read and sign the informed

consent form.  Anthropometric measurements were made.  The subjects� muscles were

located and marked as described below.  Subjects were instructed to assume and maintain

a relaxed upright posture.  This posture was recorded and checked throughout the ultra-

sound scanning session.   

4.1.3.1  Manual Location of Muscles and Electrode Locations

The electrode locations for the left and right splenius and left and right semispinalis capitis

were identified using traditional muscle location techniques.  Traditional muscle location

techniques require palpation of the muscles while the subject performs a series of resisted

exertions.  The resisted exertions are performed to activate the muscle of interest and adja-

cent muscles to determine muscle locations, lines of action, and edges of these muscles.

The sites for the electrode pair for the splenius were located using traditional muscle loca-

tion methods (palpation during activation) augmented by the following structured neck

marking procedure (see Figure 14) for both the left and right side:

� With the subject�s head in a fully flexed posture, a line was drawn from the 
top of the ear to C7 (Line 1 in Figure 14).

� With the subject�s head in an upright posture, the posterior edge of the ster-
nocleidomastoid was palpated during a resisted flexion exertion.

� After the subject relaxed, the posterior edge of the sternocleidomastoid was 
marked (Line 2 in Figure 14).

� With the subject�s head in an upright posture, the belly of the splenius was 
palpated.  The palpation was performed while providing resistance superior 
to the subject�s temple while subject rotated his/her head and neck. 

� After the subject relaxed, the line of action of the splenius was marked at 
the belly of the muscle.

� The electrode location (or center of the electrode pair) was chosen at the 
intersection of the C7-Ear line and the splenius line of action muscle.
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� If the electrode location was estimated to overlap the posterior edge of the 
sternocleidomastoid, a location slightly inferior and posterior was chosen 
until it no longer overlapped with the sternocleidomastoid. 

This structured neck marking procedure is a result of experience gained in locating the

splenius in several other experiments at the Ergonomics Laboratory at NC State Univer-

sity.  The sites for the electrode pair for the semispinalis capitis were located using the fol-

lowing procedure for both the left and right side:

� While the subject sat in an upright posture, the experimenter supported the 
weight of the subject�s head with both hands and palpated the occiput.

� After the subject resumed support of his or her head, the location of the 
occiput was marked (Line 1 in Figure 13).

Figure 12: Neck Marked for Locating the Right Splenius Electrode Pair

Line 1:

Line 2:Top of Ear to C7
Posterior Edge of Sterno.

Line 3:
Belly of Splenius

Location of Center
of Electrode Pair

Edge of 
Splenius
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� This was repeated for locating and marking the spinous process of the C2 
(Line 2 in Figure 13).

� The belly of each neck extensor muscle was identified during several 
resisted neck extensions (Line 3 in Figure 13).

� The electrode location (or center of the electrode pair) was marked at the 
intersection of the line marking the belly of the muscle and the C2 level.

The muscle edges, lines of action and electrode locations were marked on the sub-

ject using a temporary, non-toxic marker.  The electrode locations described above are

referred to as  electrode level (E-LVL).  

Figure 13: Neck Marked for Locating the Left Semispinalis Electrode Pair

Line 1:
Occiput Level

Line 2:
C2 Level

Line 3:
Belly of 
Semispinalis Line 4:

Midline

Minimum area 

before electrodes 
needing to be shaved 

are placed
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4.1.3.2  Subject Posture

After the muscles and electrode locations were marked, subjects were instructed to sit

upright in a relaxed manner.  They were instructed to sit against the backrest of the chair

and look straight ahead at the wall across the room.  During pilot work twelve individuals

were sampled to determine their head and neck angles when assuming a �relaxed-upright

posture.�  These angles were used to guide the range of acceptable postures for partici-

pants in this experiment and are defined in Figure 14.  The data collected in the pilot

investigation are provided in Table 14.    

Table 14: Head and Neck Angles of Pilot Subjects in a Relaxed Upright Posture

Head Angle 
(deg)

Neck Angle
(deg)

Occupation Head Angle
(deg)

Neck Angle
(deg)

Occupation

18.5 128 Administrative Assistant 25 134 Graduate Student

20 139 Accountant 22 124 Graduate Student

21 137 Ergonomist 28 136 Administrative Assistant

22 130 Office Assistant 22 134 Teacher

25 134 Graduate Student 15 143 Self Employee

25 133 Graduate Student 31 129 Assistant Professor
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Pilot data indicated a mean (range) in the �relaxed-upright posture� of 22.9 deg (18.5 - 22)

for the head angle and 133.4 deg (124 - 139) for the neck angle.    

At the beginning of the ultrasound scanning session, subjects� upright and neutral postures

were measured and compared to pilot data.  Subjects were expected to assume a similar

posture.  If their posture were outside the expected range, they were asked to stand-up and

sit down again.  If the subject�s posture was outside the expected range after three sets of

measurements were made and were consistent, the posture was accepted as upright for that

individual.  A non-weight bearing reference bar was positioned at the tip of the chin for

the subjects as a reminder to maintain their �upright position.�  The reference bar could be

swung away from the subjects to allow rest breaks as needed (see Figure 15).  Subjects

were allowed to relax and move their head and neck between scans.  The subjects� posture

were also recorded in the neck flexed posture.  To obtain the flexed posture, subjects were

instructed to assume a posture in which they could read a small book in their laps, close to

Figure 14: Reference Lines for Posture Description

C7 – Tragus Line

Horizontal Line

Canthus – Tragus Line

Head Angle

Neck Angle

Head Angle

Canthus-Tragus Line

Horizontal Line

C7-Tragus Line

Horizontal Line

Neck Angle
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their bodies.  Head and neck angles for the upright and neck flexed postures are summa-

rized in Table 15.

4.1.3.3  Scanning Using the HDI 5000 Ultrasound

While the subject�s head was in a relaxed, neutral posture, a minimum of three scans were

taken for each of the four muscles. Additional scans were required for several reasons: the

image was blurred due to subject movement, light spots appeared due to poor probe -skin

contact, or the experimenters were not confident when identifying muscles on the still

frame after the scan was complete. Identifying the muscle of interest required the subjects

to activate different muscles via resisted exertions.  Muscles visibly changed shape and

density when activated. The muscles� origins, insertions and lines of action also aided in

Table 15: Subjects’ Posture during Scanning Session
Su

bj
ec

t # Upright Posture Neck Flexed

Su
bj

ec
t # Upright Posture Neck Flexed

Head Angle
(degrees)

Neck Angle
(degrees)

Head Angle
(degrees)

Neck Angle
(degrees)

Head Angle
(degrees)

Neck Angle
(degrees)

Head Angle
(degrees)

Neck Angle
(degrees)

1 22 124 11 142 12 21 136 -25 155

2 28 137 2 148 13 32 127 -30 169

3 26 128 -13 150 14 21 127 -16 149

4 24 121 -34 155 15 26 119 -11 145

5 37 132 0 154 16 34 133 -4 155

6 19 134 -5 146 17 27 137 -9 154

7 21 132 -19 153 18 29 134 -11 152

8 27 134 -32 162 19 30 147 -19 165

9 30 142 5 156 20 24 132 -26 167

10 23 127 -10 140 21 28 130 -22 160

11 23 126 -18 138 Avg
(Range)

26.3
(19, 37)

131.4
(119, 147)

-13.62
(-34, 11)

153.1
(138, 169)
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muscle identification. A minimum of twelve scans were recorded in the upright posture

per subject.  For each muscle, the first scan was taken at electrode level (E-LVL).  The

second scan was taken 1 cm superior to E-LVL; the third was taken 1 cm inferior to E-

LVL (see Table 16).  The subjects were also scanned at E-LVL with their neck in a

Figure 15: Ultrasound Scanning Session

Table 16: Muscle Location and Muscle Fiber Acronyms

Description of Term

SPL Splenius muscle

SEMI Semispinalis capitis

MOSEMI Muscle overlapping the semispinalis capitis (a combination of trapezius and splenius fibers)

MOS Muscle overlapping the splenius (Either trapezius or sternocleidomastoid fibers)

SCM Sternocleidomastoid

E-LVL Electrode pair location marked using traditional muscle location techniques and structured 
marking procedures (e.g. C2 level for SEMI)

E-LVL+1 1 cm superior to E-LVL

E-LVL-1 1 cm inferior to E-LVL
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relaxed, flexed posture as though they were reading a small book in their laps, close to

their bodies.  The ultrasound scanning session lasted approximately one and a half hours.

4.2   Data Quantification and Analysis

When evaluating the electrode location for the left and right splenius (SPL) and left and

right semispinalis capitis (SEMI), four measurements were recorded from printed copies

(see Figure 16) of the ultrasound scans.  First, the depth of the muscle of interest below the

Figure 16: Ultrasound Scan of the Left SPL, E-LVL in the Upright Posture
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skin was recorded.  Second, the thickness of the muscle of interest was recorded.  Third,

the distance between two superficial muscles over the muscle of interest, creating a gap

for accessibility, was recorded.  Finally, if no gap was present, the thickness of the muscle

between the skin and the muscle of interest was recorded.  

In addition to the four measurements, a location rating was made.  The gap of

accessibility was divided into three areas (see Figure 17).  Area A, the central third of the

gap, was identified as the optimal location for maximizing distance from adjacent mus-

cles.  Area C, the outer third of the gap, was identified as the least desirable location,

because of the proximity to an adjacent muscle and the increased likelihood of crosstalk.

Area B was the location between area A and C representing a good but not optimal loca-

tion of the electrode over the gap of accessibility.  

Electrode location rating: �A�

Electrode location rating: �B� Electrode location rating: �C�

Figure 17: Division of Gap of Accessibility Using A, B, and C Location Ratings for 
Muscle of Interest

Width of Gap

Area
A

Area
C

Area
C

Area
B

Area
B

Central Third 
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The analysis of this data took five forms: tallies of gaps of accessibility, dimensional

information about thickness of any overlapping muscle, depth and thickness of the muscle

of interest, strength of association calculations, and calculation of differences in muscle

dimensions based on sex.  The tallies of the gaps of accessibility are summarized for all

subjects and by sex (male/female) in Table 17.   For each muscle, the average values for

the thickness of either muscle overlapping SEMI (MOSEMI) or the muscle overlapping

SPL (MOS), the depth of the muscle, and the thickness of the muscle, are presented in

Table 18.  These measurements are reported for the total subject population and catego-

rized by sex.  In brief, SEMI was accessible in three subjects, while  SPL was accessible in

twenty subjects.  

Table 17: Number of Subjects with Gaps for Each Rating of Accessibilitya

a. distance between two superficial muscles over the muscle of interest creates a gap for accessibility

      T
 (M/ F)b

b. T=total # of gaps present in the 21 subjects (M=# of gaps present in the 13 male subjects/ F=# of gaps present in the 8 female subjects)

Right SEMI Left SEMIc

c. Missing one subject in the flexed position; therefore, n=20 for flexed left SEMI

Right SPL Left SPL

Ad

d. Location rated as central third of accessibility gap (see Figure 17)

Be

e. Location rated as between central third and outer third of accessibility gap (see Figure 17)

Cf

f. Location rated as outer third of accessibility gap (see Figure 17)

A B C A B C A B C
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E-
LVL+1,
upright

1
(0/1)

1
(0/1)

7
(3/4)

3
(1/2)

4
(3/1)

6
(2/4)

4
(2/2)

4
(4/0)

E-LVL,
upright

1
(0/1)

1
(1/0)

7
(4/3)

4
(4/0)

4
(2/2)

7
(3/4)

2
(2/0)

2
(1/1)

E-LVL-1,
upright

2
(1/1)

2
(2/0)

3
(1/2)

4
(1/3)

3
(2/1)

1
(1/0)

E Lvl,
Flexed

1
(1/0)

8
(5/3)

3
(1/2)

3
(3/0)

4
(4/0)

7
(2/5)

2
(2/0)

Note: Not all subjects had gaps of accessibility therefore the number of gaps for each muscle at each level does not add to 21 subjects.
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Table 18: Dimensions of Neck Musculature without “Gaps of Accessibility”
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6.6
(2.2-9.4)

n=21

1.7
(0.4-3.9)

n=20

10.0
(6.3-14.7)

n=21

5.0
(1.9-8.9)

n=21

Avg, Mb

(range)
n

1.9
(0.2-3.5)

n=13

10.6
(6.9-15.0)

n=13

6.3
(2.1-9.4)

n=13

2.0
(0.6-3.9)

n=13
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(6.9-14.7)

n=13

5.4
(2.8-8.9)

n=13
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10.1
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4.8
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n=21
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n

2.7
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n=12
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(2.8-7.9)

n=13

2.6
(.43-5.2)
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(2.6-6.7)
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1.2
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(1.0-4.4)

n=12
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n

1.2
(0.3-1.6)

n=8

9.1
(7.5-11.7)

n=8

3.5
(1.2-4.6)

n=8

1.6
(0.5-2.2)

n=8

8.9
(7.0-11.3)

n=8

3.1
(0.8-5.0)

n=8
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8.4
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n=21

4.3
(2.2-6.1)

n=21

Avg, Me

(range)
n

1.9
(0.8-2.3)

n=13

8.2
(5.6-16.3)

n=13

5.0
(3.2-7.2)

n=13

2.0
(1.1-2.7)

n=5

8.6
(5.1-15.4)

n=13

4.8
(3.7-6.1)

n=13

Avg, Ff

(range)
n

0.2

n=1

8.9
(4.8-12.8)

n=8

3.9
(2.3-5.4)

n=8

0.4
(0.2-0.7)

n=5

8.2
(4.8-11.4)

n=8

3.6
(2.2-6.1)

n=8
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1.4
(0.9-2.5)

n=5

8.2
(5.7-17.7)

n=21

5.2
(2.6-7.6)

n=21

1.1
(0.4-2.0)

n=10

8.0
(4.1-17.4)

n=21

5.0
(3.0-8.9)

n=21

Avg, M
(range)

n

2.0
(1.5-2.5)

n=2

8.3
(5.7-17.7)

n=13

5.9
(3.2-7.6)

n=13

1.2
(0.5-2.0)

n=7

8.1
(4.1-17.4)

n=13

5.3
(3.7-7.2)

n=13

Avg, F
(range)

n

1.0
(0.9-1.2)

n=3

7.9
(5.7-12.4)

n=8

4.1
(2.6-5.3)

n=8

0.9
(0.4-1.4)

n=3

7.7
(4.6-10.7)

n=8

4.4
(2.9-8.9)

n=8
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1.1
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(4.5-16.6)

n=21
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(2.9-7.5)

n=21

1.4
(0.2-3.0)

n=13

7.3
(4.1-14.6)

n=21

5.6
(2.9-7.6)

n=21

Avg, M
(range)

n

1.2
(0.2-2.8)

n=8

8.4
(5.0-16.6)

n=13

5.4
(2.9-7.5)

n=13

1.6
(0.2-3.0)

n=9

7.5
(4.1-14.6)

n=13

6.2
(4.8-7.6)

n=13

Avg, F
(range)

n

0.9
(0.2-1.3)

n=5

7.1
(4.5-10.7)

n=8

4.6
(3.3-5.7)

n=8

1.0
(0.4-1.7)

n=4

6.8
(4.8-9.8)

n=8

4.4
(2.9-6.5)

n=8
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Avg T
(range)

n

1.4
(0.4-2.5)

n=7

7.5
(3.7-17.7)

n=21

4.3
(2.4-7.6)

n=21

1.4
(0.2-3.3)

n=8

7.4
(3.5-16.3)

n=21

4.2
(1.7-6.0)

n=21

Avg, M
(range)

n

1.8
(0.9-2.5)

n=4

7.8
(4.1-17.7)

n=13

4.7
(2.5-7.6)

n=13

1.5
(0.2-3.3)

n=6

7.8
(4.1-1.6)

n=13

5.0
(3.7-6.0)

n=13

Avg, F
(range)

n

0.8
(0.4-1.3)

n=3

7.0
(3.7-11.3)

n=8

3.6
(2.4-4.7)

n=8

1.1
(0.8-1.4)

n=2

6.8
(3.5-10.7)

n=8

3.0
(1.7-4.0)

n=8

a. Averaged for n=21 Total subjects
b. Averaged for n=13 Male subjects
c. Averaged for n=8 Female subjects
d. Averaged for n=21 Total subjects
e. Averaged for n=13 Male subjects
f. Averaged for n=8 Female subjects

Table 18: Dimensions of Neck Musculature without “Gaps of Accessibility”
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The first assessment in data analysis was to test the correlation between anthropometric

measurements that are easily accessible to an experimenter and dimensions of the underly-

ing muscles and arrangements. The anthropometric measurements chosen to be evaluated

represented the length and width of the subjects� necks.  If strong correlations were

present between anthropometric measurements and muscle dimensions, an experimenter

might use external measurements to help guide electrode placement. A formal test of the

strength of association between select anthropometric variables and muscle dimensions

was calculated using the Spearman correlation coefficient  (see Table 21).  The Spearman

correlation coefficient was chosen because the predictor and criterion variables were ratio

scale variables and the variables failed the Shapiro-Wilk test for normality.  Using the

Folded F-test, the variance for each anthropometric measurement was categorized as equal

or unequal. 

4.3  Results and Discussion

For the electrode locations identified for the left and right SPL, 52% and 71%, respec-

tively, were positioned over a gap of accessibility, at E-LVL (see Table 17).  For the left

and right SEMIs, 0% and 9% of the electrode locations  at E-LVL were positioned over

gaps. These findings stand in contrast to Keshner et al. (1989).  Keshner et al. indicated

that SEMI was accessible at C1-C2, 2 cm to the midline.  The accessibility of the SPL

concurs with Mayoux-Benhamou et al. (1995) who found a small superficial area of the

SPL using CT scans.  

4.3.1  Accessibility of Semispinalis Capitis

Keshner et al. (1989) described a small  area in which SEMI is superficial and suitable for

surface electrode placement.  The area was described as being located close to the midline

and between C2 and the muscle�s insertion.  Keshner et al. comments on the sparse num-

ber of fibers in the trapezius above C4 were supported by pilot work conducted on two

cadavers in the early stages of the current research project (see Appendix I).  This pilot

work indicated that there was a triangle of accessibility formed by the midline, the edge of

the SPL, and the insertion of SEMI on the skull.  This triangle of accessibility was covered
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by fascia from the trapezius.  However, the measurements from the ultrasound scans indi-

cated that 19 of 21 subjects were without a gap of accessibility for SEMI.  In these cases,

the thickness of MOSEMI at the E-LVL was 2.1 mm (range = 0.7-4.1 mm) and 1.5 mm

(range = 0.2-3.5) at E-LVL+1. 

The accessibility of SEMI via a gap of accessibility was observed in four instances

for the right and only once for the left semispinalis capitis.  The average thickness of

MOSEMI, E-LVL, for the right and left SEMI was 2.1 and 2.2 mm, respectively.  The

average thickness of the right and left SEMI, E-LVL, was 5.0 and 4.8 mm, respectively,

resulting in approximately 30% of the muscle thickness under the electrode location being

MOSEMI rather than the SEMI.  The average SEMI thickness for all subjects increased

from E-LVL to E-LVL+1.  The average thickness for the right SEMI remained constant or

increased for both males and females from E-LVL to E-LVL+1.  For the left SEMI, the

average muscle thickness increased for the female subjects while decreasing for male sub-

jects from E-LVL to E-LVL+1.  The average thickness for MOSEMI consistently

decreased from E-LVL-1 to E-LVL and from E-LVL to E-LVL+1 for both males and

females.  This change in muscle thickness corresponds to the decrease in depth of SEMI

from E-LVL-1 to E-LVL and from E-LVL to E-LVL+1 for both males and females. It also

corresponds to a decrease in the ratio of thickness of MOSEMI to SEMI at E-LVL+1 (see

Table 19).   

Table 19: Change in Number of Gaps and Proportion of Muscle Thickness with Scan 
Level over the SEMI

Scan Level Total # of Gaps
Left SEMI

Total # of Gaps
Right SEMI

Avg Ratio
Thickness of 
Left MOSEMI/
Thickness of Left 
SEMI

Avg Ratio
Thickness of 
Right MOSEMI/
Thickness of Right 
SEMI

E-LVL+1 1 1 0.34 0.23

E-LVL 0 2 0.46 0.42

E-LVL-1 0 0 0.62 0.67

E-LVL-Flexed 0 1 0.49 0.45
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When comparing the flexed to the upright posture at E-LVL, several trends (not

statistically significant) were found.  First the average thickness of MOSEMI decreased

overall (when male and female subjects were  grouped together) and for male subjects.

Second, the average thickness of the SEMI decreased for male and female subjects.  Third,

the average muscle depth for the right SEMI consistently decreased in the forward flexed

position for both males and females and in the left SEMI for males.  However, the left

SEMI was slightly deeper for female subjects in the forward flexed position compared to

the upright posture.

Although there was a significant difference between male and female muscle mea-

surements, SEMI had very few gaps of accessibility resulting in little importance being

assigned to the significant differences by sex in anthropometry affecting the SEMI or the

moderate correlations between anthropometric and muscle dimensions.  With the mini-

mum number of gaps present for SEMI at all levels, the decrease in MOSEMI to SEMI

thickness ratio with superior location would indicate that locating the center of the elec-

trode pair at E-LVL+1 would be preferred to E-LVL.  However, choosing E-LVL+1 as the

center for an electrode pair would place an electrode over the skull and may (depending on

the inter-electrode distance) place the pick-up area over the insertion of the SEMI on the

skull.  The increase in MOSEMI thickness at E-LVL-1 location indicates that choosing a

location inferior to E-LVL has no benefit.  Therefore it is recommended that electrode

pairs be centered around E-LVL (C2) over the belly of the muscle, which are similar to the

locations documented by Hamilton (1996), Mathiassen and Winkel (1990), Keshner et al.

(1989), and Queisser et al. (1994).   Although the location recommendation is similar to

that of Keshner et al. (1989), there remains a disparity in accessibility reported between

Keshner et al. and early pilot work for the current study on the one hand and the findings

of this investigation on the other hand.  This difference in accessibility may be explained

simply because the data in this investigation are based on measurements made from ultra-

sound scans on live subjects.   Keshner et al. and early pilot work were based on measure-

ments taken from cadavers.  
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4.3.2  Accessibility of Splenius

In this investigation, over 70% of the subjects had gaps of accessibility at E-LVL

for the right SPL and over 50% also had gaps of accessibility at E-LVL for the left SPL,

indicating good access.  For the right and left SPL, the number of gaps for all subjects

were maximized at E-LVL (n=15) and  E-LVL+1 (n=14), respectively (see Table 20).

The ratio of MOS thickness to SPL thickness were maximized at E-LVL+1 for both SPL.   

The average thickness of the left and right SPL for all subjects was thickest at E-

LVL-1, decreasing with superior locations.  From E-LVL-1 to E-LVL, the average thick-

ness of the left and right SPL for all subjects decreased by 0.1 and 0.6 mm, respectively.

From E-LVL to E-LVL+1, the average thickness for the left and right SPL again

decreased by 0.6 and 0.7mm, respectively.  At E-LVL+1, MOS was thickest.

When comparing the flexed to the upright posture, the total number of gaps

decreased for the right SPL and increased for the left.  The number of gaps with an �A�

rating increased by one for the right SPL and decreased by three for the left SPL.  This

effect was not a direct result of subject handedness since 20 of 21 subjects were right

handed. The average thickness and depth of the SPL decreased in the flexed posture for

both males and females.  The average thickness for MOS decreased for the right side and

increased for the left side for both males and females.  

Although the accessibility of the SPL summarized in Table 17 concurs with May-

oux-Benhamou�s (1995) CT findings, her recommendation that sampling the SPL using

�surface electrodes can be used only in restricted conditions... or ergonomic studies in

Table 20: Change in Number of Gaps and Proportion of Muscle Thickness with Scan 
Level over the SPL

Total # 
of Gaps
Left SPL

Total # 
of Gaps
Right SPL

Average Ratio
Thickness of Left MOS/
Thickness of Left SPL

Average Ratio
Thickness of Right MOS/
Thickness of Right SPL

E-LVL+1 14 14 0.35 0.37

E-LVL 11 15 0.22 0.21

E-LVL-1 8 7 0.25 0.21

E-LVL-Flexed 13 14 0.33 0.33
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which dorsal neck muscles are considered as a whole� due to crosstalk with the sterno-

cleidomastoid may be overstated.  She states that for strict biomechanical models, it is

necessary to sample the SPL using fine wire electrodes.  Although this restriction may be

true for the needs of biomechanical modeling, for many of the instances in which crosstalk

with the sternocleidomastoid was a problem in that study, results were from positions not

typical of working posture (i.e. neck flexion from an extended to a neutral posture).  May-

oux-Benhamou (1995) located her upper electrode 3 cm below the mastoid process corre-

sponding to the C2 level.  The second electrode was located such that the interelectrode

distance was 9 mm.  Electrode locations in the current investigation result in positions at

approximately C3-C4.  This investigation does not assert that crosstalk from the sterno-

cleidomastoid is impossible, especially in superior electrode locations.  However, this

investigation indicates that accessibility to the SPL is sufficient such that considering the

splenius only as a part of the �dorsal neck muscles as a whole�  is unnecessary.

4.3.3  Strength of Associations between Anthropometric and Muscle Dimensions 

There were no strong correlations (>.8) between the anthropometric dimensions

and the  muscle depths and thicknesses (see Table 21).  The correlations between the dis-

tance from C7 to the Occiput and the depth of the right and left NEs were moderate (nega-

tive) and weak (negative), respectively.   

This indicates that shorter necks were correlated with deeper positioning of the

SEMIs.   Either a weak or moderate positive correlation existed between the width of the

neck (at C2 and C4) and the depths and  thickness of the SEMI and SPL (at E-LVL).  This

indicates that wider necks were associated with deeper, thicker SEMI and SPL.  Neck

width at C4 was more highly correlated with thickness of the SEMI and SPL, than was

Neck width at C2.  The correlation between the thickness of the SEMI and SPL and neck

width was generally stronger at C2 than at C4.  A weak positive correlation between

MOSEMI thickness and neck width existed at C2 and C4.  A weak positive correlation

between left MOS thickness existed at C4.

These correlations indicate that subjects with longer necks tended to have shal-

lower SEMI.  Although subjects with wider necks tended have thicker MOSEMI, they
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also tended to have thicker SEMI.  These correlations also indicate that while subjects

with wider necks tended to have thicker, deeper SPL there is only a weak correlation with

increased thickness of the left MOS.

A t-test was used to estimate the effect sex had on anthropometric and muscle

measurements.  The pooled  t-test  was used to calculate the difference between sexes for

Table 21: Correlation Between Select Anthropometric Dimensions and Underlying 
Muscle Dimensions

Neck Width 
at C4

Neck Width 
at C2

distance from C7 
to Occiput

Right MOSEMI Thick-
ness

.320 .436

Left MOSEMI Thick-
ness

.406 .380

Right MOS Thickness

Left MOS Thickness .240

Right SEMI Thickness .330 .375

Left SEMI Thickness .407 .444

Right SPL Thickness .268 .406

Left SPL Thickness .412 .375

Right SEMI Depth .689 .637 -.534

Left SEMI Depth .550 .525 -.467

Right SPL Depth .493 .399

Left SPL Depth .496 .411

Bold numbers indicate Moderate Correlation (.8> |r| >.5) (Hatcher 
1994)
Plain numbers indicate Weak Correlation (.5> |r| >.2) (Hatcher 1994)
A blank cell indicate no correlation (|r| <.2) (Hatcher 1994).  These 
values are not reported in this table.
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anthropometric and muscle measurements with equal variance while the Satterthwhite t-

test was used for variables with unequal variance (see  Table 22).

Although the distance from C7 to the occiput and the left and right angles of the neck were

not affected by sex, all other anthropometric measurements of the neck were significantly

different based on the subject�s sex.  The males typically had wider necks with greater cir-

cumference than females.  The thickness of all muscles and the depth of SEMI were sig-

nificantly different between males and females.   Females, on average, had thinner

Table 22: Difference in Anthropometric and Muscle Measurements by Sex

Significant Difference by Sex No Significant Difference by Sex

Dimension Variance Dimension Variance

Equal Unequal Equal Unequal

A
nt

hr
op

om
et

ric
 M

ea
su

re
m

en
ts Stature * C7 to Occiput *

Neck width at C4 Level * Right Angle *

Neck width at C2 Level * Left Angle *

C7 to Right Ear *

C7 to Left Ear *

Circumference of Neck 1 *

Circumference of Neck 2 *

M
us

cl
e 

M
ea

su
re

m
en

ts
(s

ee
 F

ig
ur

e
16

)

Right MOSEMI Thickness * Right SEMI Width *

Right SEMI Depth * Right SPL Width *

Right SEMI Thickness * Right SPL Depth *

Left MOSEMI Thickness * Left SEMI Width *

Left SEMI Depth * Left SPL Width *

Left SEMI Thickness * Left SPL Depth *

Right MOS Thickness *

Right SPL Thickness *

Left MOS Thickness *

Left SPL Thickness *

The variance for each anthropometric measurement was categorized as equal or unequal using the Folded F-test.  
The Pooled  t-test  was used to calculate the difference between sexes for anthropometric and muscle measure-
ments with equal variance.
The Satterthwhite t-test was used for variables with unequal variance.
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muscles and shallower SEMI. The width of the SEMI and SPL and the depth of the SPL

were not significantly different between the sexes.

Of the three anthropometric dimensions (associated with neck size) that were eval-

uated for correlation with twelve muscle dimensions, only two muscle dimensions were

found to have moderate correlation.  The other muscle dimensions were found to have

weak or no correlation with the anthropometric dimensions.  The moderate correlations

were found between the depth of the right and left SEMI and the width of the neck at C4

and at C2.  These correlations indicated that subjects with wider necks have deeper right

and left SEMI.  A moderate correlation was also found between the length of the neck

(distance from C7 to Occiput) and the depth of the right SEMI.

The good accessibility of the SPL makes the correlations and measurements asso-

ciated with the SPL of interest.  The positive correlation between neck width and SPL

thickness and depth coupled with the weak or absence of correlation between anthropo-

metric dimensions and MOS thickness indicate that subjects with wider necks may pro-

vide better access to the SPL.

It would be desirable to measure anthropometric dimensions and predict likelihood

of accessibility of the underlying musculature.  A regression model consisting of a combi-

nation of anthropometric measurements to indicate the presence of gaps over the SPL

would allow researchers to measure external lengths to gain insight into the underlying

muscle arrangement and presence of gaps.  To determine if the presence of a gap of acces-

sibility over SPL could be predicted by an anthropometric measure or a combination of

measurements, a backward logistic regression was performed.  The fourteen measure-

ments reported in Table 13 were included in the initial regression model.  Each measure-

ment that did not significantly contribute to the prediction of accessibility was

successively removed from the model.  The backward logistic regression removed all

anthropometric measurements from the model, leaving only the intercept in the model.

This indicated that none of the anthropometric measurements or combination of the four-

teen measurements would predict the presence of gaps over SPL.
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4.3.4  Difference between Anthropometric and Muscle Measurements by Sex

The mean of the measurements for seven of the ten anthropometric dimensions

evaluated was significantly different for males and females.  On average, males were

taller, had wider necks with larger circumferences, and the distance from C7 to each ear

was longer.  However, there was no difference between the sexes in the length of the neck

(C7 to the Occiput) or the angle between the midline and the line from C7 to the top of the

ear.   The difference in muscle measurements based on sex indicated that ten of the sixteen

muscle measurements were significantly different for males and females.  Males had

thicker muscle (SEMI, SPL, MOSEMI and MOS) and deeper SEMI and SPL.  There were

no significant differences between the width or depth of SEMI and SPL by sex.  

4.4  Limitations

Limitations of this study include the small number of subjects participating in this investi-

gations,  limited experience using ultrasound equipment, and the resolution of the

enlarged, printed scans.  Although the sample size was twenty-one, the subjects for this

investigation were diverse in age, sex, and anthropometry.  Subjects were recruited

through personal contact rather than formal advertisements.  The cadavers for the pilot

investigation were randomly assigned to the lab for dissection.  They are likely representa-

tive of the general population.  Therefore, the differences in muscle accessibility and pres-

ence of gaps are most likely a function of the state of the subject, living or deceased, rather

than a function of subject selection.  The researcher was personally trained to use the HDI

5000 ultrasound equipment by the head technician for the Ultrasound Unit of the Radiol-

ogy Department at Duke University Medical Center.  Additionally, the researcher

recruited a professional ergonomist with undergraduate and graduate degrees in kinesiol-

ogy to assist with every scanning session.  While the muscles were being activated via

manual resistance of the head and shoulders,  the researcher and the ergonomist could con-

fer regarding identification of the muscle during the real time ultrasound scanning.  To

minimize the resolution restrictions, all files were transferred electronically and printed

with the highest resolution printer available.  Measurements taken by the researcher were

made from original printouts (not photocopies).
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4.5  Conclusions

The purpose of this investigation was to mitigate some of the confusion surround-

ing electrode location in the neck by:

� evaluating the accessibility of the semispinalis capitis and splenius;

� investigating the effect of posture change (neck flexion) on muscle accessibility; and

� determining the utility of ultrasound in electrode placement by identifying accessible 

sites.

From this investigation the SEMI was found to be less accessible than previously

reported, while the SPL was found to be easily locatable and had generally good but not

predictable access.  Changes in neck posture did not result in significant differences in

accessibility of the SEMI or SPL.  Although no strict rules can be outlined for EMG sur-

face electrode placement based on the subjects� anthropometric dimensions or sex, surface

electrodes may be placed by relying on muscle palpation, bony landmarks, and a struc-

tured neck marking procedure via the method described in Section 4.1.3.   The center of

the electrode pair for the splenius should be located at the intersection of the C7-Ear line

and the line of action for the splenius muscle posterior to the sternocleidomastoid.  The

center of the electrode pair for the neck extensors was located over the belly of the muscle

at the C2 level. 

The use of ultrasound technology was extremely useful in evaluating the underly-

ing muscle arrangement of live subjects in positions typical of working postures.  It

allowed for evaluation of the electrode locations and surrounding areas.  However, the

results did not indicate that using the technology would have identified better locations for

electrode placement.  On the contrary, the results indicated that for this group most of the

subjects did not have a gap of accessibility for the semispinalis capitis.  Therefore, based

on the findings of this study, referring to EMG data collected over the semispinalis capitis

at C2 as neck extensor activity would be more appropriate.  The results also indicated that

the SPL was accessible and located for 50-70 percent of the subjects.  Use of ultrasound

for identifying electrode locations could be helpful in improving the �B� and �C� rated

locations to �A� positions for the SPL.
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5.  Signal Collection and Analysis Investigation

5.1  Signal Collection 

The review of published data collection parameters used for collection of sEMG

data in the cervical spine presented in Section 2.3.3 identified poor documentation of and

variability in these parameters.  The purpose of this chapter is to highlight the impact of

variability of these parameters on the data as motivation for, and followed by, a set of rec-

ommendations for collection methods.  The result is a set of recommendations for param-

eter settings to be applied to sEMG data collection during assessments of static work or

tasks.  The recommendations for each parameter will be presented in conjunction with an

overview of the signal processing theory that supports its use, as well as simple illustrative

examples.  The discussion will begin with sampling rate and bandwidth followed by a dis-

cussion of sample length.  

5.1.1  Sampling Rates and Bandwidths

5.1.1.1  Theoretical Considerations and Information

One of the first issues that experimenters address before performing an experiment

is identifying the questions they want to answer and the tools or techniques they will use

in order to answer those questions.  The question of tools or techniques impacts even the

most basic aspects of their experimentation.  In this case, the choice of signal analysis

techniques (Fourier analysis, Wigner-Ville Distributions, and time variant approaches

including Gabor transformations) may impact the choice of sampling rate.  The inter-

twined relationship between the inherent characteristics of the signal, sampling rate, and

sampling bandwidth will be discussed.  To address the choice of sampling rate, the impact

and theoretical requirements associated with different signal transformations will be

reviewed.  A discussion of the strengths of different signal transformations is left for the

next section of this dissertation.

5.1.1.1.1  Fourier Sampling theory

The Nyquist-Shannon sampling theorem1 was first proved by Claude Shannon of

Bell Labs in the late 1940s.   The proof is not trivial and will not be addressed in this dis-
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sertation.  However, the implications of the theorem can be understood via general discus-

sions of the theorem�s assumptions regarding signal sampling.  First, the theorem is based

on the assumption that the signal may be fully represented by the frequencies within the

data collection band.  The highest frequency of interest (i.e. that has a non-zero value) is

the Nyquist frequency, fNyquist.  To fully reconstruct the signal, the sampling rate must be

equal to twice the highest frequency in the signal, fNyquist.  Thus the Nyquist sampling rate

is equal to 2 fNyquist.  Theoretically, no information is lost if a signal is sampled at the

Nyquist sampling rate, and no additional information is gained by sampling faster than

this rate. In other words, to recover all Fourier components of a periodic waveform, it is

necessary to sample at least twice as fast as the highest waveform frequency you wish to

define.  If that initial assumption is incorrect and the signal contains a frequency compo-

nent that is greater than half the sampling rate, aliasing will occur (Ramirez, 1985).  In that

case, the power of the frequency components (fi) above fNyquist will be folded down into

the interval [0, fNyquist] and will have alias fNyquist - [fi mod(fNyquist)].  For example, if a

signal containing a 100 Hz component was sampled at a rate of 120 Hz (making fNyquist 60

Hz), the 100 Hz component would be aliased 40 Hz below fNyquist at 20 Hz. In this exam-

ple, a sampling rate that would have eliminated aliasing would have been at least 200 Hz.

The researcher must therefore know something about the waveforms before sampling so

that aliased signal components can be separated from the actual signal components.  In the

case of a non-periodic waveform such as an EMG signal, the aliasing can be identified if

the power of the signal has not dropped to zero at the frequencies near the Nyquist fre-

quency at the edge of the periodogram display.  It can be deduced from this that increased

amplitudes at the display edges imply greater aliasing (Ramirez, 1985).   

1. Nyquist-Shannon sampling theorem:

Given a continuous-time signal x with Fourier transform X where X(w) is zero outside the

range - π/T < w < π /T, then;  x = Ideal InterpolatorT (SamplerT (x)).
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5.1.1.1.2  Sampling theory of non-Fourier transformations

The Shannon Sampling theory is centered around the requirements of the Fouier

transformation which is a linear transformation.  Discussions of sampling theories associ-

ated with other linear or quadratic transformations are scarce.  Qian and Chen (1996)

describe the period of the quadratic Wigner-Ville distribution as π/∆t, not 2π/∆t as

described by Shannon�s Sampling theorem for Fourier analysis in the previous section.

This implies that the highest frequency component in the signal of interest must be less

than or equal to π/(2∆t).  Similarly, unless the signal bandwidth is larger than π/(2∆t) then

aliasing will occur.  Therefore, Qian and Chen (1996) stipulate that to obtain an aliasing-

free discrete-time Wigner-Ville distribution, the sampling rate must be double that of the

Fourier focused sampling rate.  

Qian and Chen (1996) describe an upsampling procedure applying an interpolation

filter that has been implemented in LabView�s Signal Processing toolbox, a data analysis

software produced by National Instruments (Austin, Tx).  The interpolation filter requires

inserting a zero between the samples, applying a low-pass filter, and imposing a running

window which is symmetric about zero. This method of upsampling is useful for process-

ing signals sampled at 2π/∆t, according to Shannon sampling theory.  However, if a

researcher were to code her own transformations, a more judicious choice might be to

sample at a rate of 4π/∆t, if the researcher was intending to transform the data using the

Wigner-Ville distribution to investigate a signal�s frequency changes.

5.1.1.2  Two Simple Illustrative Examples

The first example illustrates the impact of sampling a signal at a rate slower than the

Nyquist frequency.  In this example a signal has been generated with three frequency com-

ponents (10, 20, and 60 Hz) with equal power contribution (i.e. equal amplitude).  For this

signal, the Nyquist frequency and sampling rate are 60 Hz and 120 Hz, respectively.  After

the signal is sampled at three rates (1024, 512, and 100 Hz), the periodograms of the fre-

quency characteristics are graphed in Figure 18.  The graph in the upper and lower right

hand corners of Figure 18, where the signal was sampled at 1024 Hz and 512 Hz, respec-

tively, depict energy from the signal at the expected frequencies (10, 20, and 60 Hz).  The

periodogram of the 100 Hz sampling rate in the lower left corner of Figure 18 depicts the
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aliasing of the 60 Hz component of the original signal at 40 Hz  as a result of being 20 Hz

below the Nyquist sampling rate.  The 40 Hz component is therefore a function of the

sampling rate and not of the signal of interest.

A second example in which a signal with equal amounts of 60 and 120 Hz compo-

nents is sampled for two seconds at three arbitrary sampling rates: 256, 1024, and 2187

Hz.  In this example, the periodograms of the samples (see Figure 19) do not show evi-

dence of changes in �leakage�.  What is depicted is the change in power of the signal with

an increased sampling rate.

5.1.1.3  Practical Example

Surface electromyography (sEMG) data was collected for two pilot subjects from the left

and right neck extensor muscles at the C3 level.  Data was collected at 2048 Hz for five

seconds.  The data was down sampled to 1024 and 512 Hz.  The sample data was analyzed

(using an FFT) for the first, second, third and forth seconds (see Table 23).  

Figure 18: Impact of Sampling Rate on Frequency Content
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The drop in sampling rate from 2048 Hz to 1024 Hz does not affect the calculated median

frequency value.  However, dropping the median frequency to 512 Hz deflated the calcu-

lated median frequency values up to four Hz.  A greater problem than the deflation of the

median frequency is the variability in the deflation (the drop in the median frequency

ranged from zero to four Hz). The impact of decreased sampling rate on the frequency

Figure 19: Change in Power of the Signal with Increased Sampling Rate
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parameters is illustrated in Figure 20.  Though the shape of the periodogram remains fairly

constant, the power associated with the peak components (frequencies below 100 Hz) of

the signal decreases.  Notice the increase in the proportional amount of power attributed to

the frequencies in the 10-250 Hz range with decreased sampling rates.  Also, notice how

there is no power assigned to the frequencies above approximately 250 Hz with a sam-

pling rate of 512 Hz.  This reduction in peak frequency power and proportional increase in

high frequency power explains the changes in the signal�s median frequency calculation.

 

Figure 20: Impact of Sampling Rate on Periodogram of Pilot Data
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5.1.1.4  Recommendation

The European Recommendations for Surface Electromyography (Merletti, Farina, Her-

mans, Freriks & Harlaar, 1999) recommend sampling twice the Nyquist frequency to

avoid aliasing and four times the Nyquist frequency for proper graphical presentation of

the signal.  The European recommendation does not identify a range for the Nyquist fre-

quency or comment on the impact of data processing choices on sampling rates.  There-

fore, the following recommendation will not conflict with the European recommendation,

rather it will provide a more focused recommendation within their broad suggestion.  Spe-

cifically,  sEMG data during static, low force exertions should be collected at a rate of

1024 Hz if the  data will be processed using the traditional Fast Fouier Transformation or

simple time dependent measures.  This meets the computational efficiency requirement of

the Fast Fouier Transformation (FFT) requiring sampling rates to be a power of 2 with an

associated Nyquist Frequency larger than the frequency band with non-zero members (see

Table 24).   However, if the sEMG data might be processed using transformations other

than the FFT, data should be collected at 2048 Hz.  

The European recommendations for limiting bandwidth (Merletti et al., 1999) are

a high pass filter <10 Hz and a low pass filter of  ~500Hz (for general applications).  These

recommendations are in line with the bandwidth limitation of 512 Hz that would be ideal

for a data collection rate of 1024Hz.  Since the power of the signal should have dropped to

zero before the Nyquist frequency cutoff and the sampling rate was chosen to be a func-

Table 24: Nyquist Frequency Associated with 2x Sampling Rates

2x Sampling 
Rate

Associated Nyquist 
Freq.

2x Sampling 
Rate

Associated Nyquist 
Freq.

2x Sampling 
Rate

Associated Nyquist 
Freq.

21 2 1 25 32 16 29 512 128a

a. Typically frequencies at this level and below still have non-zero powers using Fouier transformations 
(see Figure )

22 4 2 26 64 32 210 1024 512b

b. Typically the power associated with frequencies in this range and above are approximately zero

23 8 4 27 128 64 211 2048 1024

24 16 8 28 256 128
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tion of a power of 2, a low pass filter of ~500Hz is reasonable.  For special applications or

processing approaches that require faster sampling, i.e.: 2048 Hz, a low pass filter of

~1000 Hz is permissible; however, a low pass filter of ~500Hz would still be preferable.

5.1.2  Sampling Length

5.1.2.1  Theoretical Information

Another issue that experimenters must address is how long a sample must be col-

lected in order to accurately represent the signal being sampled.  The theoretical approach

to answering that question should begin with understanding the underlying assumptions

associated with common analysis approaches, such as the Fourier transformation.  The

Fourier transformation is based upon the assumption that the waveforms are periodic,

repeating from minus to plus infinity (Ramirez, 1985).  However, if the sample has a finite

length, then the sample can be considered a periodic waveform multiplied by a square

wave (which is definitely not periodic).  Ramirez (1985) explains that the difference

between the periodic waveform and the windowed waveform is that the periodic signal

will have a discrete spectrum while the windowed signal will have a continuous spectrum.

Although the windowed signal can be considered the product of the periodic waveform

and a square wave in the time domain, the windowed signal is not a product of the two fre-

quency domain representations of the signals  (Ramirez, 1985).  Instead, the signals are

combined by a process called convolution.  The shape of the window does not have to be

square; it can be triangular, tapered or complex (Hanning, Hamming, etc.). The purpose of

changing the shape and length of a window is to reduce the leakage (i.e. a portion of the

power of one spectral line leaks onto adjacent lines).  The effects of different windowing

techniques are reported to have insignificant effects on sEMG data when researchers are

interested in global frequency domain parameters such as mean or median frequencies

(Merletti et al., 1999).  Non-global parameters include changes in power in upper and

lower frequency bands and changes in the highest frequency with one percent power.  The

importance of windowing options may play an increased role in sEMG signal processing

as researchers utilize the non-global parameters potentially available in the frequency
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domain (or whatever domain it should be referred to when using a transformation other

than the FFT) when considering analysis of the sEMG signal using JTFA.

The accuracy of the frequency domain representation is affected not only by leak-

age but also by spectral resolution.  The Fourier analysis of a wave form is a convolution

of sinusoidal harmonics over a time epoch, T.  Each harmonic has the form fn=n/T.

Where, fn is referred to as the spectral line. The resolution of the spectrum refers to how

close together the spectral lines are.  The distance between the spectral lines decreases

(resolution increases) as the time epoch, T, increases (Farina and Merletti, 1999).    

5.1.2.2  Simple Illustrative Example of Length of Sample on Leakage

As previously mentioned, slow sampling can lead to several types of errors including leak-

age.  Again, leakage is power attributed to frequencies adjacent to the frequency contained

in a signal.  To illustrate the relationship between leakage and sample length, a simple

example is presented.  A signal was generated with equal amounts of 60, 120 and 220 Hz

components and sampled at a rate of 1024 Hz for three different lengths of time.  The first

assessment sampled for one second. The second was sampled for two seconds; the third

for 3 seconds.  The periodograms (see Figure 21) of the samples differ in two areas.  First,

the power increases with the increased length of the signal.  Second, the base of the spikes

at each frequency is narrower due to the more accurate representation of the actual signal

with increased data (i.e. reduced leakage into adjacent frequencies).  
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5.1.2.3  Simple Illustrative Example of Length of Sample on Spectral Resolution

The previous example demonstrated the connection between sampling length and leakage.

Similarly, this example will demonstrate the connection between sample length and

changes in spectral resolution.  If a signal were sampled for a quarter of a second the first

harmonic, f1=1/.25=4 Hz.  The second harmonic, f2=2/.25=8 Hz. However, if a signal

were sampled for two seconds the first harmonic, f1=1/2=.5 Hz and the second harmonic,

f2=2/2=2 Hz.  Table 25 summarizes the increase in spectral resolution with increased sam-

ple length.  

Figure 21: Change in Power and Leakage with Sample Length
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5.1.2.4  Recommendation

The practical answer to determining the appropriate sampling length is simple.

The sample should be long enough to sample an entire period of the signal.  The problem

with implementing this simple idea is understanding how long that period is before the

data is collected and how to sample a signal that is non-stationary.  The relationship

between sample length and type of analysis confounds the issue of period identification.

For example, if the experimenter was interested in performing gap analysis, it may be nec-

essary to evaluate the length of the work cycle to identify potential periods in the data.  If

the experimenter were interested in the level of muscle activity associated with each com-

ponent of the work cycle, short sample lengths associated with each particular task within

a workcycle might be appropriate.  A clear description of the purpose of the data collec-

tion and how the experimenter plans to analyze the data, coupled with good pilot work,

will clarify the period over which  to sample. For global parameter estimates of the fre-

quency domain associated with muscle activity of a static task, sample lengths of a second

or two are sufficient (Merletti et al., 1999).  However, if the experimenter is interested in

non-global parameters, he/she should collect for longer time periods, e.g. five seconds.  

Table 25: Example Depicting Resolution Increase with Increased Epoch Length

time epoch, T f1 f2 f3 f4

.25 sec 4 Hz 8 Hz 12 Hz 16 Hz

1 sec 1 Hz 2 Hz 3 Hz 4 Hz

2 sec 0.5 Hz 1 Hz 1.5 Hz 2 Hz
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5.2  Signal Processing

5.2.1  Signal Filtering 

Signal filtering is a necessity for a great deal of sEMG data.  Sources of signal contamina-

tion during sEMG data collection can include: ECG (heartbeat), 60 Hz (from light fix-

tures, monitors, computers, handtools, and electrical conduits in the walls), and motion

artifact.  The preferred method of data collection is to eliminate the noise at the source.

This doctrine is difficult to implement in certain circumstances i.e., the experiment

requires the use of a handtool or the subject�s heartbeat is the source of noise in sEMG

data.  Therefore, there are some instances when it is necessary to filter data.  The motiva-

tion for filtering sEMG data has been described at length in Section 2.3.3.   There are sev-

eral filtering options available: purchasing a signal processing software package that has

standard filtering capabilities, coding a program to create a filter based on the mathematics

of the standard filter, or creating a notch filter.  Each option has benefits and limitations.

Although there are benefits to purchasing a signal processing package with the filtering

capabilities, these packages can be costly.  Coding a program to create a filter may be

more cost effective, yet relies on the mathematical and programming skills of the pro-

grammer.  On the other end of the spectrum, using an ideal filter may sacrifice perfor-

mance, but may be the easiest to program.  One benefit of such an ideal filter is that it

could be made available via the internet in a shareware manner.

The purpose of this chapter is to compare an ideal filter with a standard filter.  The

fourth order Butterworth filter has been documented for filtering EMG data (Kurokawa,

Fukunaga & Fukashiro, 2001).  An ideal filter was programmed in MATLAB (joines-

filtervarlen.m code included in Appendix IV) and benchmarked against the Butter-

worth filter.  The ideal filter eliminates the power in the signal associated with the

frequency at which there is noise and at adjacent frequencies.  It also has high pass and

low pass components that may be used.  The Butterworth filter is available in the MAT-

LAB Signal Processing Toolbox.  The comparison between the Butterworth filter and an

ideal filter (joinesfilter) consisted of filtering noise from two types of signals: generated

signals and clean sEMG signals with generated noise added.  To capture the time-domain

and frequency-domain trade-offs associated with ideal filtering, three time domain mea-
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sures and one frequency domain measure were chosen to assess the filters� performances.

Those measures include: 

� sum of the differences between the rectified, smoothed original and fil-

tered signals,

� maximum absolute difference between the rectified, smoothed original 

and filtered signals,

� difference in the mean values between the rectified, smoothed original 

and filtered signals, and 

� difference in the median frequency between the original and filtered 

signals.

5.2.1.1  Generated signals

Two types of signals were generated: simple and complex.  The simple generated

signals consisted of five frequencies with different amplitudes using

joines_signal_generator.m (see Appendix V).  Similarly, complex signals con-

sisting of thirty-five frequencies with different amplitudes were generated.  Noise signals

at 60 and 120 Hz with small and large amplitudes relative to the signal were added to the

generated signals.  The magnitude of the noise was judiciously chosen to reflect the effect

of noise present in some environments on sEMG signals (see Figure 22).    Noise signals

Note: The 60 Hz component (noise) in this signal is twice the size of any other frequency component and 
four to eight times the size of most of the other frequency components.

Figure 22: EMG Signal with 60 HZ Noise due to Environmental Interference
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with small amplitude were approximately forty percent of the power at any frequency of

the actual signal.  Noise signals with large amplitude were approximately three times the

power of most of the frequencies of the signal.  An example of a complex generated sig-

nal, the addition of noise and signal filtering is presented in Figure 23.  Thirty-five simple

and complex generated signals were filtered using the joinesfilter and the Butterworth fil-

ter.  The mean results for simple and complex signals are presented in Table 26.   For each

set of signals, generated and filtered,  the difference between the original signal and the

filtered signals was smallest when filtered using the joinesfilter for all time domain and

The top row of graphs in this figure represents a complex, generated signal in the frequency and time domains, respectively.  The second row of graphs 
represents the signal after a large amount of 60 and 120 Hz noise has been added to the signal.  The large spikes indicate proportionally the large power 
the noise has compared to the power of the frequencies associated with the original signal.  The third row of graphs represents the noisy signal after it 
has been filtered using the Joinesfilter. It is important to notice that these graphs and the first row of graphs are virtually identical.  This indicates that 
the signal has been preserved and only the noise has been removed.  The final row of graphs represents the noisy signal filtered with the Butterworth 
filter.  Small differences between the original signal and the Butterworth filtered signal can not be seen at this scale.  Similar differences associated the 
Butterworth�s roll off characteristic are depicted in Table 24.
The frequencies and amplitudes in the original signal follow:
freq =    54   110   185   121   246   180    58     6   188   145    31   246   245   115    18     7    60   171   161   211    49   214   115    13   138    52   202   
128   189    23   114   190   212   142    94
amplitude =    0.4409    0.2061    1.5835    2.4548    7.6340    2.5344    8.8834    2.0920    9.3923    6.9960    0.0649    5.1460    7.4290    3.7765    5.0174    
0.9525    3.2316    2.2151   1.4120   4.0690   5.8932  5.9492  7.4919   9.3734  2.6052  9.2854  3.3872   0.6914  4.8800  1.0188  0.5428  2.7973  7.3647   
6.0693  6.0888

Figure 23: Example of a Complex Generated Signal, Adding a Large Amount of 60 
and 120 Hz Noise and Filtering Effects
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frequency domain parameters.   In each case the average difference between the original

signal and the filtered signal was smallest when the joinesfilter was used. The filters� per-

formances were consistent for simple and complex signals, and for small and large

amounts of noise.  The difference between the performances is a function of the filter

designs.  The joinesfilter  only removes the components of the signal associated with noise

or frequency of interest and those immediately adjacent.  The Butterworth  filter has a

�roll-off� component to the design.  Using the generated signals, the effect of the filters

was clear.  The joinesfilter removed the exact components specified.  The Butterworth fil-

ter removed the components specified; however, it actually added power to frequencies

that had minimal power in the original signal (see Figure 24).  A limitation of this investi-

gation is that the signals were generated and may not adequately represent real sEMG sig-

nals.  The �roll-off� associated with the Butterworth filter may be beneficial when filtering

real sEMG signals which will be discussed in the next section. 

  

5.2.1.2  sEMG signals with generated noise added

The second step in evaluating the effectiveness of the ideal filter was to compare the

joinesfilter and the Butterworth filter on real sEMG signals.  The sEMG signals were col-

lected over the wrist extensors during low force and high force static exertions.  Each

Table 26: Filter Performance for Simple and Complex Generated Signals

Si
gn

al
 G

en
er

at
ed

N
oi

se
 A

m
pl

itu
de Average of the 

Sum of Differences
(dB)

Average of the 
Max Difference 

(dB)

Average of the
Difference between

the means (dB)

Average of the 
Difference in the

median frequency (dB)

Joines Butter-
worth

Joines Butter-
worth

Joines Butter-
worth

Joines Butterworth
si

m
pl

ea small  -3.66e-013    -0.0466   1.11e-014  -8.07e-004  -1.22e-014  -0.0016 0 8

large   4.57e-014    -0.1117 1.31e-014    -0.0030 1.52e-015    -0.0037 0 43

co
m

pl
ex

b small  -1.27e-012    -0.1272  -3.01e-015   -0.0017  -4.22e-014 -0.0042 0 5

large  -7.76e-013    -0.2968   1.88e-014    -0.0067  -2.59e-014    -0.0099     -3     24

a. n=30
b. n=30
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exertion and collection was repeated.  Signals were collected at 1024 HZ for 5 seconds.

The third and fourth seconds of data were used for this evaluation.  Noise signals at 60 and

120 Hz were generated and added to the sEMG signals.  The median frequency was calcu-

lated for the original and filtered signals.  After the signals were filtered, the data was rec-

tified and evaluated by the following time domain parameters: sum of the differences,

maximum difference, and difference between the means.  The data for the second repeti-

tion of the high force exertion with a large amount of noise added is presented in

Figure 25.  The results for the low force and high force exertions are presented in

Table 27.  The entries in Table 27 represent four signals (2-high force and 2-low force).

Each signal had noise with a small and large amplitude added.  Therefore the first and

third rows in Table 27 are based on the same original signal.  The joinesfilter recovers the

Figure 24: Zooming in on the Filtering Effects on a Complex Signal, 120 Hz Noise 
with Large Amplitude
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Figure 25: High Force Exertion with Large Amount of 60 and 120 Hz Noise Added

Table 27: Filtering of Real sEMG Signals with Small and Large Amounts of Noise 
Added

fo
rc

e

re
p.

Sum of Differences    
(1.0e+003 *)

Max Difference Difference between the 
means

Difference in the 
median frequency

noise Joines Butterworth Joines Butterworth Joines Butterworth Joines Butterworth

lo
w

1a small 3.09 5.90 22.78 29.47 1.51  2.88 -1 6

2 small 3.01 7.30 16.93 23.60 1.47    3.57 -10 -3

1 large 3.09 6.07 22.78 29.33 1.51    2.97 -1 6

2 large 3.01 7.54 16.93 23.59 1.47   3.68 -10 -4

hi
gh

1 small 1.80 2.77 10.72 7.61 0.88   1.36 0 1

2 small 0.65 0.50 6.06 7.00 0.32 0.24 1 1

1 large 1.80 2.09 10.72 7.92 0.88     1.02 0 1

2 large 0.65 -0.45  6.06 6.91 0.32   -0.22 1 4

a. Note: the line in the table representing the low force signal (rep. 1) with a small amount noise added refers to the same 
original data set as the low force signal (rep. 1) with a large amount of noise added.  The same is true for the rep. 2 and 
for the high force signals (rep. 1 and 2).
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same amount of the signal regardless of the amplitude of noise present in the signal.  The

performance of the signals filtered with the Butterworth filter were affected by the ampli-

tude of the noise.  The Butterworth filtered signals with noise with small amplitudes were

closer to the original signals than the filtered signals with noise with large amplitudes.  For

the signals collected during the low force exertions and the filtered signals,  the difference

between the original signal and the filtered signals was smallest when filtered using the

joinesfilter for all time domain parameters. The difference in the median frequency was

closer to the original median frequency for rep. 1 using the joinesfilter and for rep. 2 using

the Butterworth filter.  For the high force exertions there was no clear difference in filter

performance.  For the first high force exertion, the joinesfilter produced results closer to

the original data than the Butterworth filter for the �Sum of the Difference�, �Differences

between the Means�, and �Difference in Median Frequency�.  For the second high force

exertion, the joinesfilter was closer for the �Maximum Difference� with small and large

amounts of noise and �Difference in Median Frequency� with large amounts of noise.  

5.2.2  Conclusions

The joinesfilter performed well when compared with the Butterworth filter when filtering

simple and complex generated signals.  The joinesfilter performed equally well filtering

generated noise out of real sEMG signals.  The joinesfilter was more consistent than the

Butterworth filter in the signal reconstruction when comparing the original signal to sig-

nals to which small and large amounts of noise were added.  Of the sixteen measures (four

measures applied to four signals), the joinesfilter was closer to the original signal in nine

instances and performed as well as the Butterworth filter in another instance.  Since the

joinesfilter is an ideal filter, it may be limited in some real world applications due to the

lack of roll-off characteristic.  The roll-off characteristic may be better suited to filtering

noise resulting from environmental interference.  Typically environmental noise spreads

into adjacent frequencies.  However, based on these results, the Joinesfilter appears to be a

viable alternative to the Butterworth filter for filtering sEMG data and the Joinesfilter can

be adjusted to remove wider bands of noise, as needed.
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6.  Utility of  Posture Specific Normalization
EMG data are collected while muscles contract to perform a task.  To quantify the amount

of muscle activity the task requires relative to the muscle�s capability necessitates a

benchmark for comparison.  Typical benchmarks for comparison include a muscle�s activ-

ity while resting, while performing a standardized task, while performing a reference con-

traction, or while performing a maximum voluntary exertion.   The EMG data is then

represented as a percentage of the reference value.  This process is referred to as normal-

ization of EMG data.  The majority (20 of 28) of the research studies, that were reviewed,

which used sEMG data collected in the neck document the normalization technique as a

percentage of a maximum voluntary exertion (MVE).  In order to obtain reliable data of

the muscle�s capability, accurate MVEs must be obtained. There are several factors that

may affect the data collected during an MVE including posture, fatigue, and subject moti-

vation.  The focus of this chapter will be on the effect of posture on the normalization of

sEMG data collected from the neck extensor muscles.

Posture can affect the muscle�s ability to generate force due to changes in the

length-tension relationship and muscle�s moment arm.  As discussed in Chapter 2, Schüldt

(Schüldt and Harms-Ringdahl, 1988b) found that the peak activity levels for the cervical

erector spinae occurred in a slightly flexed posture.  This posture has been adopted by sev-

eral researchers when defining the posture during their MVEs.  Changes in joint posture

may change the portion of the muscle being sampled and may result in additional muscles

being sampled.  Such potential crosstalk was addressed in Section 2.3.  The argument for

minimizing error due to normalization technique was addressed in a study of eight trunk

muscles under static and dynamic conditions (Mirka, 1991).  In that study four subjects

were secured a reference frame connected to an isokinetic dynamometer (Kin/Com).  The

Kin/Com and reference frame controlled the angular trunk velocity and external torque

(about L5/S1) exerted by the subject.  Subjects performed a series of static MVCs (flexion

and extension) with the back at ten trunk flexion angles.  Data was collected while the sub-

ject was maintaining the flexed posture and while exerting.  Data was also collected while

the subject performed a series of constant velocity/constant torque exertions.  The EMG

data was normalized to MVC data collected in the posture in which the exertion was per-

formed and to MVC data collected in a reference posture.  Mirka (1991) found that pos-
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ture significantly affected the resulting normalized EMG data collected in the low back.

Although the merits of Mirka�s (1991) multiple reference normalization method are clear

for moderate to high force exertions performed over a wide range of trunk angles, the ben-

efits of such a normalization approach have not heralded the instantiation of such normal-

ization of EMG data collected from the neck when normalizing low force exertions.  

Potential reasons for the lack of transference of the multiple reference normaliza-

tion method presented by Mirka to EMG data collected from the neck include: the poten-

tial for greater variability in EMG values associated with the high forces exerted with the

trunk compared to those generated by the neck, the reduced range of motion for typical

neck related tasks, and the concern for subject discomfort and risk of injury that could be

associated with multiple maximum exertions with the head and neck.  

The objective of this experiment is to determine if the posture in which the normal-

ization or maximum exertion is performed has a significant impact on the results of sEMG

data collected from the neck extensor muscles.  

6.1  Experimental Methods

There were two levels of each independent variable: level of exertion (5% and 10% of

MVC), posture (relaxed upright and flexed neck), and method of normalization (posture

specific and reference posture normalization).  The dependent variables were the level of

muscle activity for the neck extensors and splenius (see Section 6.1.7).  

6.1.1  Subjects

Ten subjects, seven male and three female, from the university population and surround-

ing area were recruited to participate in the experiment.  The male and female subjects

were similar in anthropometry and age range (see Table 28).  Each subject participated in

one practice session and one test session.  During the practice session, each subject was

screened for the following conditions regarding their health history:

� a  history of or existence of current neck-related diagnoses or symptoms 

including injury or surgery; 

� a  history of dizziness, fainting, or symptomatic irregular heartbeat; 

� diagnosed with or having symptoms of coronary artery disease; 
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� very high risk of carotid or coronary artery disease;

� poorly or marginally-controlled high blood pressure; 

� severe limitations in pulmonary function capacity; or

� a heart condition.

 

6.1.2  Equipment

This experiment was performed using a Kin-Com 125E Isokinetic Dynamometer

(Chattecx Co., Chattanooga, TN)  to sense force  and an EMG data collection and process-

ing system to collect muscle activity data.  While the subject was performing MVEs, the

subject�s chair was located in one of three positions (A, B, and C in Figure 26) such that

the cushioned pad on the Kin-Com was located on either the left or right side of their head

or at the back of their head.  The adjustable arm and head on the Kin-Com were used to

position the cushioned pad attached to the load cell relative to the subject while the subject

was in the neutral and upright position.   

The EMG data processing system consisted of Ag-Ag/Cl bipolar surface elec-

trodes (Model E22x, InVivo Metric, CA), preamplifiers (1000x), main amplifier (52.2x),

hardware filters (60 Hz notch filter, 1000 Hz low pass filter) and a Pentium 90 MHz data

collection computer.  

Each subject was videotaped from the side during the experiment.  The center of

the camera lens was set up at the subject�s seated eye height.  Digital pictures of the sub-

ject were also taken during maximum and submaximum exertions in the upright and

flexed neck postures.  Reflective markers were placed on the subject�s canthus, tragus, and

C7 locations to identify the bony landmarks for subsequent posture analysis.

6.1.3  Task

The task performed during this experiment consisted of a set of eight submaximal neck

extension  exertions.  During the neck exertions the subjects were restrained in a chair and

pushed against a padded load cell with their heads and necks (see Figure 27).  Two repeti-

tions of the neck exertions were performed at 5% and 10% of MVE in upright and neck

flexed postures.  In the neck flexed condition, the subject�s neck was flexed forward 25
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Table 28: Anthropometric Dimensions for Subjects

Avg All 
(St Dev)

n=10

Male Avg
(St Dev)

n=7

FemaleAvg
(St Dev)

n=3

Age (years) 32.10
(8.89)

31.57
(3.05)

33.33
(18.1)

Stature (cm) 172.34
(7.93)

175.21
(5.51)

165.63
(9.77)

Weight (kg) 74.97
(21.06)

75.05
(19.36)

74.84
(28.33)

COR of Hip to C7  (cm) 62.74
(4.27)

63.12
(3.55)

62.10
(6.14)

C7 to Vertex (top of head) (cm) 26.28
(1.42)

26.52
(1.30)

25.87
(1.81)

C7 to Canthus (cm) 21.08
(1.29)

21.34
(1.57)

20.63
(0.67)

Shoulder Breadth (cm) 39.40
(3.28)

40.56
(3.67)

37.47
(1.33)

Neck width at C4 (cm) 11.25
(1.34)

11.68
(1.43)

10.53
(0.99)

Neck width at C2 (cm) 11.30
(1.19 )

11.74
(0.93)

10.57
(1.40)

C7 to Occiput (cm) 7.04
(1.65)

7.40
(1.66)

6.43
(1.78)

C7 to Top of ear (right) (cm) 19.35
(1.96)

20.16
(2.14)

18.00
(1.23)

Angle between midline and top of ear 
(right) (cm)

63.75
(4.13)

64.20
(4.09)

63.00
(5.00)

C7 to Top of ear (left) (cm) 19.58
(1.87)

20.22
(2.16)

18.50
(0.40)

Angle between midline and top of ear (left) 
(cm)

63.13
(4.94)

63.80
(6.30)

62.00
(1.73)

Neck circumference at C4 level (cm) 36.75
(3.82)

37.98
(3.91)

34.70
(3.24)

Neck circumference at C6 level (cm) 36.48
(3.74)

37.82
(3.80)

34.23
(2.82)
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Figure 26: Top View of Chair Positions Relative to Cushioned Pad on the Kin-Com

Flexed Position Upright Position

Figure 27: Subject Performing Task
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Chair Locations

Cushioned pad
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degrees from vertical.  During the submaximal exertions, a monitor was located directly in

front of the subject that displayed a trace of the force being exerted against the load cell on

the Kin-Com and an adjustable target zone.  The target zone was 5 N wide and positioned

on the monitor such that 5% or 10% of the MVE force collected during the neck exten-

sions were contained in the target zone for the submaximal exertion.  

To obtain the MVEs necessary for data normalization and to calculate the 5% and

10%  values for the neck extension task, the subject performed a series of MVEs.  The

method for performing MVEs and collecting MVE data is described in Section 6.1.6.     

6.1.4  Posture

The subject was required to maintain one of two postures throughout this experiment:

relaxed upright or neck flexed, ~ 25 degrees.  The subject was instructed to sit upright in a

relaxed manner.  The subject�s head and neck angle was measured and compared to values

obtained in the ultrasound investigation of muscle organization for this research and pilot

work (see Section 4.1.3.2 and Figure 14).  The subject was expected to assume similar

postures to those documented in the pilot investigation.  To isolate the head and neck dur-

ing exertions, the subject�s torso was restrained using a 10 cm wide Velcro strap.  The

neck flexed posture was assumed by first having the subject assume an upright posture

while his/her torso was restrained.  The researcher positioned a goniometer beside the sub-

ject so that the center of the goniometer was in line with C7.  One arm of the goniometer

was fitted with a level and positioned horizontally. The other arm was raised to create a 65

degree angle with the horizontal arm.  The subject was told to flex his/her neck until

instructed to stop.  The subject was instructed to stop when the tragus marker was in line

with the arm of the goniometer. This resulted in a combination of head tilt and neck flex-

ion that total in ~ 25 degrees.  The flexed neck posture was confirmed using the goniome-

ter before each exertion performed with the flexed neck posture.  Because of the inherent

variability in allowing the subject to assume his/her own relaxed upright posture and

defining the flexed neck posture, the difference between these postures varies between

subjects.  To verify consistent postures during MVE and submaximal exertions, digital

pictures were taken during exertions.  Head and neck angles were measured and com-

pared.  The difference in neck angle between MVE and sub-maximum exertions in the
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flexed posture ranged from 0 to 3 degrees with an average difference of 1.1 degrees.  The

difference in neck angle between MVE and sub-maximum exertions in the upright posture

ranged from 0 to 6 degrees with an average difference of 2.1 degrees.  The difference in

neck angle between the flexed and the upright neck postures during sub-maximal exer-

tions ranged from 8.5 to 22 degrees with an average difference of 13.9 degrees.  The vari-

ability in neck angle in the subject�s difference between upright and flexed postures was

due to the variability in the self selected �relaxed, upright� posture.   

6.1.5  Data Collection and Processing

The electrodes were placed over the splenius and the neck extensor muscles using

the structured neck marking procedure from Experiment I (Chapter 4.).  The center of the

electrode pair for the splenius was located at the intersection of the C7-Ear line and the

line of action for the splenius muscle posterior to the sternocleidomastoid.  The center of

the electrode pair for the neck extensors was located over the belly of the muscle at the C2

level.  The skin was cleaned and abraded such that the resistance at the skin-electrode

junction was less than 1000 ohms.  To reduce the number of exertions required for each

subject, gains were set for each muscle based on a review of the documented gains used in

several previous studies in which sEMG was collected for the posterior neck muscles at

the Ergonomics Laboratory at NC State.  The gains were reduced only if significant clip-

ping occurred during a brief set of preliminary maximum exertions. 

The four, raw EMG signals were collected along with the force data from the Kin-

Com.  The force exerted by the subject against the load cell on the Kin-Com was displayed

for the subject during submaximal exertions to provide visual feedback of exertion level.

Data were collected at 1024 Hz (see Chapter 5.)  so that FFTs used during post collection

filtering could be performed efficiently.  The analogue signals were converted to digital

signals and recorded using the data collection program Global Lab (Data Translation, Inc.

V03.00, Marlboro, MA).    The signal was filtered using an ideal filter (joinesfilter.m: high

pass: 10 Hz; low pass: 512 Hz; notch: 60 and 180 Hz), rectified, and smoothed (0.1 sec.).

In order to obtain the most stable portion of the signal, the first and last seconds of twenty

seconds in each data file were eliminated from further analysis.  
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6.1.6  Procedures

The experiment was conducted in two parts, a practice session followed at least 24 hours

later by a test session.

6.1.6.1  Practice Session

If the subject�s health history was free from the conditions listed in Section 6.1.1 and after

the experiment was described, the subject was asked to read and sign the consent form.

After a series of anthropometric measurements were taken, the subject was guided through

a set of moderate neck stretching exercises.  The neck exertions were described and dem-

onstrated for the subjects.  The subject was asked to exert as hard as he/she could �without

hurting him/herself�; hence, these activities are referred to as maximum voluntary exer-

tions, MVEs.  There are two purposes for performing MVEs during this practice session:

� To allow the subject to practice and get comfortable with performing a 

MVE so that he/she can perform the exertion proficiently during the 

testing session.

� To gauge the force level of which each subject is capable, so that the 

MVE during the testing session is verified.

Each MVE lasted for 6 seconds.  The subject was instructed to gradually increase his/her

pushing effort up to a maximum level over a 2 second time interval, then continue to exert

at his/her maximum level for 4 seconds, then rest for at least 2 minutes before performing

another MVE.  During the neck extensions, the subject was instructed to perform the exer-

tions without tilting his/her head.  The subject was asked to perform each MVE twice.  If

there was a force difference of more than 10 percent between the first and second exer-

tions, he/she was asked to perform a third exertion.  To isolate the neck exertions from the

rest of the upper body, the subject�s torso was restrained using a 10 cm wide Velcro strap

placed around the upper arms, torso and chair.  The subject was also asked to rest his/her

heels on blocks to minimize any ability to push with the legs.  The subject performed the

MVEs, with an upright head and with the neck flexed forward about 25 degrees, by push-

ing his/her head against a cushioned pad in three directions: 

� Pushing back (neck extension); 
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� Pushing to the right (right lateral exertion); and 

� Pushing to the left (left lateral exertion). 

The subject was verbally encouraged, during maximum exertions, by the experimenter.

During submaximal exertions, a monitor displayed a trace of the force being exerted

against the load cell on the Kin-Com and a 5 N wide target zone.  Before the submaximal

exertion, the software settings for the display monitor were adjusted so the target zone for

the force display trace on the monitor included 5% of the MVE force collected during the

neck extension in the upright posture.  This was repeated for 10% of the MVE in the

upright posture and for 5% and 10% of the MVE in the flexed neck postures.  The subject

was asked to gradually push back with their head to obtain the submaximal (5% and 10%

of the MVE) level.  The subject was asked to hold the force for 5 seconds.  The practice

session lasted about 1 hour.

6.1.6.2  Test Session

During the testing session, the subject signed the informed consent form, stretched,

and had two items taped to his/her skin, with hypoallergenic adhesive.  The two items

were electrodes, that sensed muscle activity and reflective markers, that identified bony

landmarks (canthus, tragus, and C7) for posture identification.  The electrodes were placed

bilaterally over the splenius and neck extensor muscles.  The center of the electrode pair

for the splenius was located at the intersection of the C7-Ear line and along the line of

action of the splenius muscle posterior to the sternocleidomastoid.  The center of the elec-

trode pair for the neck extensors was located over the belly of the muscle at the C2 level.

The method for electrode location was described in Section 4.1.3.  The six second MVEs

learned during the practice session were performed at least two times with a minimum of

two minutes in between exertions.  Following the MVEs, the subject performed two sub-

maximal exertions at 5% and two at 10% of MVE.  The submaximal exertions were held

for 5 seconds.  The submaximal and MVE exertions were performed with the subject�s

head and neck in two postures: upright and flexed forward, as in the practice session.

Therefore, the numbers of submaximal and maximum exertions were 8 and 12, respec-

tively. The subject�s posture was recorded via video tape and digital pictures recorded
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from the side.  After all sensors were removed, the subject was led through another set of

moderate neck stretches; and at the end of the session, the subject was given a T-shirt as a

thank you gift.  The testing session lasted approximately 1.5 hours.

6.1.7  Data Normalization

The average EMG values from each of the four submaximal tasks were normalized using

two different techniques.  The first method of normalization, posture specific normaliza-

tion, is defined in equation (1).  In this method, the maximum value (single point after

smoothing) of the EMG signal was collected while the subject�s head and neck were in the

same posture as the posture in which the task was performed.  This method is similar to

the method described by Mirka (1991) as the multiple reference normalization method.

However, Mirka�s (1991) normalization method required the subtraction of minimum

EMG values collected while in the posture in which the task was performed.  In that

experiment, Mirka (1991) tested task exertion levels of 20% and 40% of MVC presum-

ably to represent real world lifting tasks.  By subtracting the minimum EMG levels, Mirka

(1991) was focusing the analysis on the increase in load on the muscle due to the task.

However, in real world tasks requiring loading of the head and neck, the load from the

task is the load associated with maintaining a posture.  Therefore, the normalization meth-

ods defined in eqn. (1) and eqn. (2) do not require the subtraction of minimum or resting

EMG levels.  

 ,                                      (1)

where:

EMG(i,j,k) is the task average EMG signal at neck

angle i, from muscle j, for subject k.

MaxEMG(i,j,k) is the maximum EMG value for neck

angle i, from muscle j, for subject k.

NormalizedEMGi
EMG i j k, ,( )

MaxEMG i j k, ,( )
------------------------------------------=
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The second method of normalization, reference posture normalization, is similar to

the single reference normalization method (Mirka, 1991) in which the data was normal-

ized to data collected with a trunk at a fixed angle, which may differ from some of the pos-

tures assumed during the task of interest.  Like the posture specific normalization method,

the reference posture normalization method (defined in eqn. (2)) does not require the sub-

traction of the resting EMG values.  In this investigation the reference postures are upright

or flexed.  The upright posture is the posture assumed by the subject when told to sit in a

relaxed upright manner while looking straight across the room.  

 ,                                      (2)

where:

EMG(i,j,k) is the task average EMG signal at

neck angle i, from muscle j, for sub-

ject k.

MaxEMG(R,j,k) is the maximum EMG value with the

head and neck in a reference posture

R from muscle j, for subject k. 

6.2  Data Analysis and Results

Data collected for each muscle for each subject included: six MVEs in the upright posture

(two exertions pushing left, two - right, and two - back), six MVEs in the flexed neck pos-

ture (two exertions pushing left, two - right, and two - back), two 5% sub-maxes in the

upright posture, two 10% sub-maxes in the upright posture, two 5% sub-maxes in the

flexed neck posture, and two 10% sub-maxes in the flexed neck posture.  After the data

were filtered, rectified, and smoothed, they were also reduced.  Data collected during

MVEs were reduced by calculating the maximum value (single data point) for each mus-

cle during each exertion.  The data were further reduced by calculating the maximum

value (maximum value during any maximum exertion) for each muscle while in the

upright posture, MaxEMG(U,j,k),  and the maximum value for each muscle while in the

flexed posture, MaxEMG(F,j,k).    To reduce the data collected during the submaximum

NormalizedEMGR
EMG i j k, ,( )

MaxEMG R j k, ,( )
--------------------------------------------=
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exertions, the mean of three seconds (second, third and fourth seconds) of data collected

was calculated, EMG(i,j,k).   The flexed posture data was normalized twice as described in

Section 6.1.7: posture specific normalization (NormalizedEMGi=F) and  reference posture

normalization (NormalizedEMGR=U).  The upright posture data was normalized twice:

posture specific normalization (NormalizedEMGi=U) and  reference posture normaliza-

tion (NormalizedEMGR=F). The difference between normalization methods for the flexed

posture data is presented in Table 29 for all subjects.  The difference between normaliza-

tion methods for the normalized upright posture data is presented in Table 30.  The aver-

age EMG values using the posture specific and the reference posture normalization

methods are presented in Table 31.   

The analysis of the data consisted of calculating the differences between the results

when processing the data using the two normalization techniques.  The difference data

was first evaluated using the Shapiro-Wilk test for normality.  Data sets that failed the

Shapiro-Wilk test for normality were evaluated using a Wilcoxon Signed-Rank test.  A

paired t-test was used on the remaining data to determine if the mean difference between

the data sets was different from zero.  No statistical difference from zero would indicate

that there was no difference between the data sets (i.e. This would indicate there was no

difference in the normalization method and therefore no motivation to collect posture spe-

cific MVE for the postures studied). 

 

For the data collected in the flexed posture during the 5% and 10% submaximal exertions,

the differences between the data sets when normalized to data collected in the upright and

flexed posture were significantly different for the right SPL, and left and right NE.  No

significant difference was found between data collected from the left SPL regardless of

exertion level, for the data collected in the flexed posture.  Since all the subjects participat-

ing in this experiment were right handed, the effect of handedness on activation levels

could not be tested.  For the data collected in the upright posture during submaximal exer-

tions, the differences between the data sets when normalized to data collected in the

upright and flexed posture was significantly different for the right NE (at both 5% and
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10%) and for the left NE (at 10% and nearly significant at 5%).   There were no statisti-

cally significant differences between the data sets for the left and right SPL based on the

posture during the maximum exertion for either exertion level for the data collected in the

upright posture.  

Table 29: Calculated Differences between Normalized EMGi=F and Normalized 
EMGR=U For Data Collected in a Flexed Posture

Su
bj

ec
t #

R
ep

. 5% of MVE 10% of MVE

l Spl r Spl l Ext r Ext l Spl r Spl l Ext r Ext

S01 1 0.005a -0.001 0.007 -0.004 0.005 -0.001 0.007 -0.005

S01 2 0.005 -0.001 0.007 -0.005 0.006 -0.001 0.008 -0.005

S02 1 0.017 -0.023 -0.041 -0.001 0.030 -0.040 -0.063 -0.002

S02 2 0.021 -0.029 -0.057 -0.001 0.028 -0.041 -0.062 -0.001

S03 1 -0.035 -0.019 -0.032 -0.013 -0.060 -0.024 -0.038 -0.017

S03 2 -0.039 -0.018 -0.028 -0.012 -0.049 -0.023 -0.039 -0.017

S04 1 0.000 -0.019 -0.089 -0.029 -0.001 -0.024 -0.107 -0.032

S04 2 0.000 -0.021 -0.089 -0.027 -0.001 -0.026 -0.099 -0.032

S05 1 0.017 0.002 0.015 -0.003 0.025 0.003 0.016 -0.003

S05 2 0.017 0.002 0.015 -0.003 0.028 0.003 0.017 -0.003

S06 1 0.004 -0.005 -0.081 -0.025 0.006 -0.007 -0.072 -0.024

S06 2 0.005 -0.006 -0.071 -0.024 0.006 -0.005 -0.070 -0.022

S07 1 -0.005 0.008 0.004 -0.031 -0.010 0.011 0.005 -0.041

S07 2 -0.005 0.009 0.004 -0.034 -0.009 0.010 0.005 -0.039

S08 1 0.000 0.001 0.002 -0.006 0.000 0.002 0.002 -0.008

S08 2 0.000 0.002 0.002 -0.006 0.000 0.002 0.003 -0.009

S09 1 -0.094 -0.072 -0.207 -0.247 -0.033 -0.040 -0.122 -0.160

S09 2 -0.029 -0.038 -0.113 -0.146 -0.031 -0.034 -0.122 -0.154

S10 1 0.006 -0.014 -0.007 -0.013 0.011 -0.013 -0.009 -0.014

S10 2 0.007 -0.014 -0.007 -0.012 0.009 -0.026 -0.008 -0.016

a. Difference in %MVC (range: 0 to 1) = (EMGi=F as % of MVC) - (EMGR=U as % of MVC)
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Table 30: Calculated Differences between Normalized EMGi=U and Normalized 
EMGR=F For Data Collected in an Upright Posture

Su
bj

ec
t #

R
ep

. 5% of MVE 10% of MVE

l Spl r Spl l Ext r Ext l Spl r Spl l Ext r Ext

S01 1 -0.003a 0.001 -0.005 0.002 -0.004 0.001 -0.006 0.004

S01 2 -0.003 0.001 -0.005 0.003 -0.004 0.001 -0.005 0.004

S02 1 -0.012 0.022 0.035 0.000 -0.025 0.031 0.049 0.001

S02 2 -0.013 0.021 0.034 0.000 -0.023 0.028 0.045 0.001

S03 1 0.031 0.018 0.025 0.010 0.042 0.022 0.029 0.012

S03 2 0.031 0.018 0.025 0.012 0.037 0.022 0.031 0.013

S04 1 0.000 0.014 0.073 0.021 0.001 0.016 0.085 0.024

S04 2 0.000 0.013 0.074 0.020 0.000 0.016 0.080 0.021

S05 1 -0.059 -0.011 -0.026 0.005 -0.021 -0.003 -0.016 0.003

S05 2 -0.017 -0.002 -0.014 0.003 -0.024 -0.003 -0.019 0.003

S06 1 -0.004 0.005 0.053 0.018 -0.004 0.006 0.057 0.018

S06 2 -0.004 0.005 0.052 0.018 -0.005 0.006 0.061 0.019

S07 1 0.006 -0.006 -0.003 0.021 0.006 -0.008 -0.003 0.031

S07 2 0.006 -0.007 -0.003 0.024 0.007 -0.009 -0.004 0.034

S08 1 0.000 -0.001 -0.001 0.005 0.000 -0.002 -0.001 0.005

S08 2 0.000 -0.002 -0.001 0.005 0.000 -0.002 -0.002 0.006

S09 1 0.015 0.016 0.033 0.050 0.015 0.017 0.040 0.062

S09 2 0.015 0.017 0.034 0.051 0.017 0.018 0.042 0.071

S10 1 -0.004 0.010 0.006 0.010 -0.005 0.015 0.007 0.012

S10 2 -0.004 0.014 0.005 0.010 -0.005 0.014 0.007 0.012

a. Difference in %MVC (range: 0 to 1) = (EMGi=F as % of MVC) - (EMGR=U as % of MVC)
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Table 31: Effect of Neck Posture during MVE on Normalization of EMG Activity 
during Low Force Exertions

5% MVE 10% MVE

A B Difference between 
A and B

(t test or Wilcoxon signed 
rank test)

C D Difference between 
C and D

(t test or Wilcoxon 
signed rank test)

U
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V
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Submax Performed in Flexed Posture

M
us

cl
es

Left Extensor 0.19a 0.15b P=0.006*  (t test) 0.21 0.18 P=0.004* (WSR testc)

Right Extensor 0.17 0.14 P=0.024*  (t test) 0.20 0.17 P=0.006*  (t test)

Left Splenius 0.08 0.07 P=0.856 (WSR test) 0.10 0.10 P=0.99 (WSR test)

Right Splenius 0.07 0.06 P=0.007*  (WSR test) 0.09 0.07 P=0.007*  (WSR test)

Submax Performed in Upright Posture

M
us

cl
es

Left Extensor 0.15d 0.13e P=0.056 (WSR test) 0.18 0.15 P=0.01* (t test)

Right Extensor 0.13 0.12 P=0.0001*  (WSR test) 0.15 0.14 P=0.002* (t test)

Left Splenius 0.07 0.07 P=0.75  (WSR test) 0.08 0.08 P=0.879 (WSR test)

Right Splenius 0.06 0.06 P=0.11  (WSR test) 0.07 0.06 P=0.09  (WSR test)

HO: There is no significant difference between two groups being tested
*     p<0.05 therefore reject HO, there is a difference between the groups
Note: this table contains normalized EMG values, averaged across subjects.

a. NIEMG=(EMG during subMax exertion @ 5% of MVE in Flexed posture)/(EMG during MVE in an Upright posture).  Note: data 
has been averaged across subjects (n=10) and repetitions (n=2).

b. =(EMG during subMax exertion @ 5% of MVE in Flexed posture)/(EMG during MVE in an Flexed posture).  
c. WSR Test: Wilcoxon signed rank test used to evaluate difference between groups
d. =(EMG during subMax exertion @ 5% of MVE in Upright posture)/(EMG during MVE in an Upright posture).  
e. =(EMG during subMax exertion @ 5% of MVE in Upright posture)/(EMG during MVE in an Flexed posture). 
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6.3  Limitations

Limitations of this study include the limited number of subjects, the variability in posture

difference between upright and neck flexed posture between subjects, and limited number

(2) of angles studied.  Although the sample size was ten, the subjects for this investigation

were diverse in age, sex, and anthropometry and were randomly selected.  They are likely

representative of the general population.  Although there was inherent variability in the

postures maintained during this experiment, several steps were taken to minimize the vari-

ability including using specific instruction given to each subject, measurement of head and

neck angles in the flexed neck posture before each exertion in the flexed neck posture, and

digital recording of the postures for post hoc evaluation and documentation. Since only

two angles were investigated, exploring interactions between posture (neck angle) and

EMG normalization such as the trend analysis performed by Mirka (1991) was limited.

The angles chosen for evaluation were based on developing a methodology for the analy-

sis for the third experiment in this dissertation investigating aging and fatigue.  The sub-

jects in the third experiment were to perform the exertion in a flexed neck posture.

Therefore, this investigation focused on the impact of normalization of EMG data in the

neck to the upright or flexed neck posture.  

6.4  Discussion

Mirka (1991) outlined several goals researchers have for using electromyography

in which they �(1) use EMG signals to find the on/off points for a muscle, (2) use EMG to

quantify the absolute electrical activity of a muscle, (3) use EMG to quantify the relative

activity of the muscle and (4) use the EMG signal to quantify the actual force the muscles

are exerting across a joint.�  In addition to these goals, the researcher may also be compar-

ing muscle activity due to conditions in the current investigation to those in previous

investigations.  Comparisons between experiments (meta-analysis and validation experi-

mentation) are simpler when similar methods are used.  In this experiment investigating

the effect of normalization method on EMG data collected in the cervical region, the

method was found to significantly impact results.



120

For data collected in a flexed neck posture during submaximal exertions, except

for the left SPL, there was a statistically significant difference between the neck sEMG

data normalized using the posture specific normalization method and the reference posture

normalization method.  For data collected in a upright posture during submaximal exer-

tions, there was a statistically significant difference between the neck extensor (not the

splenius) sEMG data  normalized using the two normalization methods.  Prudence would

dictate that the posture specific method of normalization for data collected in the cervical

region be employed to afford future comparisons with current research.

Although the task in this experiment was a static, low force exertion and the tasks

in Mirka�s (1991) experiment were high force, dynamic exertion, in both experiments the

posture of the subject during MVEs significantly affected the estimation of muscle exer-

tion.  Mirka found trends in the error associated with normalization of data to a single

point.  These trends indicated that the normalization error increased as the difference

between the normalization position and trunk angle increased.  Mirka also comments that

as the trunk angle increased, the error followed a subject-dependent pattern.  Investigating

subject-dependent error patterns using data from two angles would be fruitless.  Subjects

exhibited no consistent change between the two postures investigated in this experiment.

6.5  Conclusions and Recommendations

For the researcher, normalizing data to a single upright posture makes running an

experiment less complicated.  For the subjects in an experiment with multiple neck pos-

tures, normalizing data to a single upright posture may result in fewer MVEs thereby mak-

ing the experiment less taxing.  However, based on the results of this study, if sEMG data

is normalized to data collected in a posture other than the posture in which the task was

performed, accuracy is being sacrificed on the behalf of convenience.  The EMG levels for

the neck muscles associated with typical working tasks involving static loading of the

neck are relatively low.  The changes in accuracy (such as the 6-8% difference associated

with posture specific normalization of the SPL and 14-21% for the NE) associated with

collecting MVCs in the posture of interest would appear worth the additional inconve-

nience for the accuracy gained; therefore, posture specific normalization is recommended.
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7.  Data Collection and Processing Recommendations

7.1  Electrode Placement for Primary Neck Extensors

Based on the findings for the ultrasound investigation described earlier in this dis-

sertation, the semispinalis capitis was found to be less accessible than previously reported,

while the splenius was found to be easily locatable and had generally good but not predict-

able access.  Therefore, it would be more appropriate to refer to sEMG data collected over

the semispinalis capitis as neck extensor activity (noting the potential contribution of the

trapezius activity to the EMG signal collected).  Changes in neck posture did not result in

significant differences in accessibility of the semispinalis capitis or splenius.  Although no

strict rules are outlined for EMG surface electrode placement based on the subjects�

anthropometric dimensions or sex, surface electrodes may be placed by relying on muscle

palpation, bony landmarks, and a structured neck marking procedure described below.   

7.1.1  Structured Neck Marking Procedure for Identifying Electrode Locations

The electrode locations for the left and right splenius and left and right neck extensors can

be identified using traditional muscle location techniques augmented by a structured neck

marking procedure.  Traditional muscle location techniques require palpation of the mus-

cles while the subject performs a series of resisted exertions.  The resisted exertions are

performed to activate the muscle of interest and adjacent muscles to determine muscle

locations, lines of action, and edges of these muscles.  

7.1.1.1  Location of the Splenius

The sites for the electrode pair for the splenius can be located using traditional muscle

location methods (palpation during activation), augmented by the following structured

neck marking procedure for both the left and right side:

� With the subject�s head in a fully flexed posture, draw a line from the top 

of the ear to C7 (Line 1 in Figure 28A).

� With the subject�s head in an upright posture, palpate the posterior edge of 

the sternocleidomastoid during a resisted flexion exertion.
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� After the subject relaxed, mark the posterior edge of the sternocleidomas-

toid (Line 2 in Figure 28A).

� With the subject�s head in an upright posture, palpate the belly of the sple-

nius.  The palpation the splenius while providing resistance superior to the 

subject�s temple as subject rotates his/her head and neck. 

� After the subject relaxed, mark the line of action of the splenius at the belly 

of the muscle.

� The electrode (or center of the electrode pair) is located at the intersection 

of the C7-Ear line and the splenius line of action muscle.

� If the electrode location is estimated to overlap the posterior edge of the 

sternocleidomastoid, a location slightly inferior and posterior should be 

chosen until it no longer overlaps with the sternocleidomastoid. 

This structured neck marking procedure is a result of experience gained in locating

the splenius in several other experiments at the Ergonomics Laboratory at NC State Uni-

versity.  

A: Neck Marked for Locating the Right 
Splenius Electrode Pair

B: Neck Marked for Locating the Left 
Semispinalis Electrode Pair

Figure 28: Marking of Subject’s Neck 

Line 1:

Line 2:Top of Ear to C7
Posterior Edge of Sterno.

Line 3:
Belly of Splenius

Location of Center
of Electrode Pair

Edge of 
Splenius 

Line 1:
Occiput Level

Line 2:
C2 Level

Line 3:
Belly of 
Semispinalis Line 4:

Midline

Minimum area 

before electrodes 
needing to be shaved 

are placed
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7.1.1.2  Location of the Neck Extensors (including the semispinalis capitis and trapezius)

Use the following procedure to locate both the left and right electrode pair sites for the

neck extensor (including the semispinalis capitis and the trapezius):

� Support the weight of the subject�s head with both hands and palpates the 

occiput while the subject sits in an upright posture.

� Mark the location of the occiput after the subject resumes support of his or 

her head (Line 1 in Figure 28B).

� Repeat first two steps for locating and marking the spinous process of the 

C2 (Line 2 in Figure 28B).

� Identify the belly of each neck extensor muscle during several resisted 

neck extensions (Line 2 in Figure 28B).

� Mark the intersection of the line marking the belly of the muscle and the 

C2 level (this is the electrode location or center of the electrode pair).

Mark the muscle edges, lines of action, and electrode locations using a temporary,

non-toxic marker.

In short, locate the center of the electrode pair for the splenius at the intersection of

the C7-Ear line and the line of action for the splenius muscle posterior to the sternocleido-

mastoid.  Locate the center of the electrode pair for the neck extensors over the belly of the

muscle at the C2 level. 

7.2  Recommendations for EMG Sampling Rate and Bandwidth

EMG data collected during static, low force exertions should be sampled at a rate of 1024

Hz if the data will be processed using the traditional Fast Fouier Transformation or for

simple time dependent measures.  This meets the computational efficiency requirement of

the Fast Fouier Transformation (FFT) requiring sampling rates to be a power of 2 with an

associated Nyquist Frequency larger than the frequency band with non-zero members.

However, if the sEMG data might be processed using transformations other than the FFT,

data should be collected at 2048 Hz.  

A high pass filter <10 Hz and a low pass filter of  512 Hz are recommended for

general applications.  For special applications or processing approaches that require faster
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sampling, i.e.: 2048 Hz, a low pass filter of ~1000 Hz is permissible; however, a low pass

filter of ~500Hz would still be preferable.

7.3  Recommendation for Sample length

The sample should be long enough to sample an entire period of the signal.  For a static

exertion, sample lengths of a second or two are sufficient (Merletti et al., 1999) for esti-

mating mean and median frequency measures.  For a static exertion, a sample length of

five seconds is sufficient (Merletti et al., 1999) for estimating non-global parameters (such

as the power associated with a small range of frequencies or the highest frequency con-

taining one percent of the total power in the signal).  For time domain measures (such as

performing gap analysis), it may be necessary to evaluate the length of the work cycle to

identify potential periods in the data.  Short sample lengths associated with each particular

task within a workcycle might be appropriate to estimate NIEMG or average amplitude

associated with each component of the work cycle.  However, a clear description of the

measures to be used during data analysis, coupled with good pilot work, will clarify the

period over which  to sample. 

7.4  Recommendations for Normalizing Data

For low force, static exertions with the neck, the subject should be in the same posture

during maximum (normalization) exertions as the posture of interest for the task.  Collect-

ing sEMG data for the purpose of normalization in a reference posture, such as a relaxed

upright posture, was shown to decrease the accuracy of the results in the current study by

6-8% for the SPL and 14-21% for the NE.  Since the EMG levels for the neck muscles

associated with typical working tasks involving static loading of the neck are relatively

low, changes in accuracy associated with collecting MVCs in the posture of interest would

appear worth the additional inconvenience for the accuracy gained; therefore, posture spe-

cific normalization is recommended.
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8.0  Effect of Age Group on Fatigue Development

Understanding the ability of the older individual to meet task demands requires an

understanding of the age-related physiological changes associated with anatomical struc-

tures performing the work.  Age-related changes occur in bony structures and soft tissues.

Soft tissue changes are more relevant to the static work which is the focus of this research.

The changes in passive and active components of soft tissues associated with task perfor-

mance are discussed at length in Section 2.5.  Passive tissue components (ligaments, ten-

dons, and intervertebral discs) undergo changes in elasticity, residual deformation, and

energy dissipation, over several decades (Ashton-Miller and Schultz, 1997).  Such

changes may affect the stability of the spine as a system.  Thus in later years a larger por-

tion of the stability of the spine system may be provided by active tissues (muscles).  Thus

fatigue onset may change with age.  Other changes in spinal passive tissues include

changes in intervertebral disc height and range of motion of joints.  For example, an

increase in angulation of cervical facets increases the lordosis in the cervical spine (Ash-

ton-Miller and Schultz, 1997) which will increase the moment arm of the head.  As stated

earlier, the combination of increased moment arm of the head and decreased passive tissue

tension may result in increased loads on the active tissues or agonist muscles in the cervi-

cal spine (primary neck extensors).  With increased loads on the muscles which maintain

posture of the cervical spine, it stands to reason that the muscles of an older individual

would be working harder to perform the same task requiring maintenance of a static neck

posture as a younger individual.  Hence, the muscles of an older individual may fatigue

faster than the younger individual performing the same task. 
The objective of this experiment was to investigate fatigue development during

sustained, low force exertions and fatigue recovery in bilateral, primary neck extensor

muscles, SPL and NE, in three subject groups, defined by age.  NE refers to the combina-

tion of muscle activity from the neck extensor, semispinalis capitis, and the overlapping

trapezius.  Fatigue onset and recovery was evaluated from three sources: subjective

assessments, force generation capability, and sEMG data collected from the neck extensor

muscles.  By analyzing the fatigue data using multiple techniques, the sensitivity of the
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techniques to low force static fatiguing exertions and age-related changes were examined.

This experiment was designed to test the following hypotheses:

1)  With increased age, the time to fatigue onset decreases in neck muscles during 
low force exertions (e.g.: Older subjects will not be able to maintain the sub-
maximal exertions as long as the younger subjects).  

2)  Older subjects� EMG levels will return to pre-fatigued levels more slowly than 
younger subjects� during the submaximal test contraction (i.e., during an initial 
30 minute recovery period following the fatiguing exertion).  

3)  Older subjects will recover a smaller percentage of their maximum strength 
than younger subjects after an initial 30 minute recovery period.

8.1  Experimental Methods

This experiment was designed to test the three aforementioned hypotheses with

three levels of the independent variable, subject age group, and four categories of depen-

dent measures (discomfort, maximum force generation capability, time to fatigue, and

EMG).

8.1.1  Subjects

Fourteen subjects, eight male and six female, from the university population and

surrounding area were recruited through personal contact rather than formal advertise-

ments to participate in the experiment.  These subjects were selected based on age and cur-

rent health conditions (twenty-two subjects were interviewed in order to get fourteen

participants).  The age groups were separated by at least 9 years:  three male and two

female subjects formed the younger group (18-25 years), three male and two female sub-

jects formed the middle group (35-45), and two male and two female subjects formed the

older group (54-70).    Although the groups span six decades in age, the groups were simi-

lar in stature (see Table 32).  The subjects in the older age group were required to have

their physician review and sign a second consent form before participating in the study.

Each subject participated in one practice session and one test session.  During the practice

session, the subject was screened for limiting conditions regarding their health history as

described in experimental methods for the normalization experiment in Section 6.1.1.  
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Table 32: Anthropometric Dimensions for Subjects

All
(n=14)

Younger
(n=5)

Middle 
-Aged
(n=5)

Older
(n=4)

Age (years) 40.4
(15.0)

23.8
(1.9)

39.3
(2.5)

58.3
(4.0)

Stature (cm) 172.9
(10.0)

173.9
(12.1)

170.8
(10.6)

173.9
(10.1)

Weight (kg) 74.4
(42.5)

70.4
(45.8)

66.1
(3.5)

84.0
(55.7)

COR of Hip to C7  (cm) 61.3
(3.7)

60.7
(4.1)

59.9
(2.2)

63.5
(4.4)

C7 to Vertex (top of head) (cm) 26.3
(1.7)

27.7
(1.3)

25.1
(1.3)

26.0
(1.6)

C7 to Canthus (cm) 20.8
(1.0)

21.2
(1.0)

20.3
(1.0)

21.0
(0.7)

Shoulder Breadth (cm) 38.6
(3.5)

39.5
(3.8)

37.5
(2.1)

38.7
(4.8)

Neck width at C4 (cm) 11.0
(1.2)

11.0
(1.5)

10.9
(0.4)

11.2
(1.6)

Neck width at C2 (cm) 10.7
(1.1)

10.5
(1.5)

10.4
(0.8)

11.2
(1.0)

C7 to Occiput (cm) 6.7
(1.2)

7.2
(0.7)

6.6
(1.4)

6.3
(1.6)

C7 to Top of ear (right) (cm) 18.4
(0.9)

18.5
(1.4)

18.2
(0.8)

18.3
(0.6)

Angle between midline and top of ear 
(right) (cm)

63.3
(4.3)

63.5
(4.2)

64.8
(5.7)

61.8
(3.3)

C7 to Top of ear (left) (cm) 18.9
(1.1)

18.9
(1.3)

18.5
(1.1)

19.2
(1.1)

Angle between midline and top of ear (left) 
(cm)

60.2
(4.3)

62.5
(1.0)

57.8
(5.1)

60.3
(5.2)

Neck circumference at C4 level (cm) 35.7
(3.3)

35.2
(3.8)

35.4
(2.1)

36.5
(4.3)

Neck circumference at C6 level (cm) 35.0
(3.1)

34.6
(3.4)

34.7
(2.2)

35.9
(4.3)
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8.1.2  Equipment

The equipment used in this experiment was the same as in the normalization experiment

(see Section 6.1.2) which included: a Kin-Com 125E Isokinetic Dynamometer (Chattecx

Co., Chattanooga, TN) to sense force, an EMG data collection system (Model E22x,

InVivo Metric, CA) to collect muscle activity, and video/photographic equipment and

markers to measure posture.   The adjustable arm and head on the Kin-Com were used to

position the cushioned pad attached to the load cell relative to the subject while the subject

was in the flexed neck position.  Each subject was videotaped from the side (sagittal plane

view) during the experiment.  The center of the camera lens was set up at each subject�s

seated eye height.  Digital pictures of the subject were also taken during maximum and

submaximal exertions in a flexed neck posture.  Reflective markers were placed on the

subject�s canthus, tragus, and C7 locations to identify the surface anatomy landmarks for

subsequent posture analysis.

8.1.3  Task

The task performed during this experiment consisted of performing an isometric neck

extension in a bent neck posture until fatigued.  To avoid subjective signs of fatigue, it has

been suggested that the �static� level of the EMG signal should not exceed 2-5% of MVC

level (Johnson, 1978) for work tasks of long duration.  Although evidence has been pre-

sented that blood flow through a contracting muscle is sufficient during contraction sus-

tained at low levels (5%), subjective reports of fatigue have been found at 5% of MVC

after an hour of static exertion (Sjøgaard et al., 1986).   Therefore, since the goal of this

study was to fatigue the subjects during a low force exertion, the exertion level was chosen

to be 5% of MVC.

The subject was considered fatigued if the force could not be maintained within

the 5 N target zone presented on the display of the Kin-Com.  During the neck extension

exertion, the subject was restrained in a chair and pushed against a padded load cell with

his/her head and neck (see Figure 29).  The task was performed with the subject�s neck

flexed forward 25 degrees (as described in Section 6.1.3).  During the submaximal exer-
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tion, a monitor that displayed a trace of the force being exerted against the load cell on the

Kin-Com and an adjustable target zone was located directly in front of the subject.  The

target zone was 5 N wide and positioned on the monitor such that 5% of the MVE force

collected during maximum isometric neck extensions was centered in the target zone for

the submaximal exertion.  

To obtain the MVEs necessary for data normalization and to calculate the 5% val-

ues for the neck extension task, the subjects performed a series of MVEs.  The method for

performing MVEs and collecting MVE data is described in Section 6.1.6 (note procedures

pertaining to exertions in the upright posture are not relevant).  

Flexed Position

Figure 29: Subject Performing Task
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8.1.4  Posture

The subject was required to maintain a neck flexed posture throughout this experiment.

The flexed neck posture was obtained using the same protocol described in Section 6.1.4.

That protocol  required isolation of the head and neck during exertions by restraining the

subject�s torso using a 10 cm wide Velcro strap.  To assume the neck flexed posture, the

subject sat upright with his/her torso restrained.  The researcher positioned a goniometer

beside the subject so that the center of the goniometer was in line with C7.  One arm of the

goniometer was fitted with a level and positioned horizontally. The other arm was raised

to create a 65 degree angle with the horizontal arm.  The subjects were told to flex their

neck until instructed to stop, resulting in a combination of head tilt and neck flexion.  The

flexed neck posture was confirmed using the goniometer before each exertion performed

with the flexed neck posture.  It was noted in Section 6.1.4 these postures vary slightly

between subjects due to the inherent variability in allowing subjects to assume their own

relaxed upright posture and using a combination of head tilt and neck flexion when attain-

ing the flexed neck posture.  Digital pictures were taken during exertions to verify consis-

tent postures during MVE and the submaximal exertion.  The difference in neck angle

between MVE and sub-maximum exertions in the flexed posture ranged from 0 to 10

degrees with an average difference of 3.3 degrees.

8.1.5  Procedures

The experiment was conducted in two parts, a practice session followed at least 24 hours

later by a test session.

8.1.5.1  Practice Session

During the practice session, each subject was screened for the following conditions

regarding their health history:

� a  history of or existence of current neck-related diagnoses or symptoms 

including injury or surgery; 

� a  history of dizziness, fainting, or symptomatic irregular heartbeat;
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� diagnosed with or having symptoms of coronary artery disease;

� very high risk of carotid or coronary artery disease;

� poorly or marginally-controlled high blood pressure; 

� severe limitations in pulmonary function capacity; or

� a heart condition.

If the subject�s health history was free from the aforementioned conditions and after the

experiment was described, the subject was asked to read and sign the consent form.  After

several anthropometric measurements were taken (see Table 32),  the subject was guided

through a set of moderate neck stretching exercises.  The neck exertions were described

and demonstrated for the subjects.  The subject was asked to exert as hard as he/she could

�without hurting him/herself�; hence, these activities are referred to as maximum volun-

tary exertions (MVEs).  There are two purposes for performing MVEs during this practice

session:

� To allow the subject to practice and get comfortable with performing a 

MVE so that he/she can perform the exertion proficiently during the 

testing session.

� To gauge the force level of which each subject is capable, so that the 

MVE during the testing session is verified.

Each MVE lasted for 6 seconds.  The subject was instructed to gradually increase his/her

pushing effort up to his/her maximum level over a 2 second time interval, then continue to

exert at that maximum level for 4 seconds, then rest for at least 2 minutes before perform-

ing another MVE.  During the neck extensions, the subject was instructed to perform the

exertions without tilting his/her head.  The subject was asked to perform each MVE twice.

If there was a force difference of more than 10 percent between the first and second exer-

tions, the subject was asked to perform a third exertion.  To isolate the neck exertions from

the rest of the upper body, the subject�s torso was restrained using a 10 cm wide Velcro

strap placed around the upper arms, torso and chair.  The subject was also asked to rest

his/her heels on blocks to minimize the ability to push with the legs.  The subject per-

formed the MVEs, with the neck flexed forward about 25 degrees, by pushing his/her head

against a cushioned pad in three directions: 
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� Pushing back (neck extension); 

� Pushing to the right (right lateral exertion); and

� Pushing to the left (left lateral exertion).

The subject was verbally encouraged, during maximum exertions, by the experimenter.

During submaximal exertions, a monitor displayed a trace of the force being exerted

against the load cell on the Kin-Com and a 5 N wide target zone.  Before the submaximal

exertion, the software settings for the display monitor were adjusted so the target zone for

the force display trace on the monitor included 5% of the MVE force collected during the

flexed neck posture.  The practice session lasted about 1 hour.

8.1.5.2  Test Session

During the testing session, the subject signed the informed consent form, stretched, and

had two items taped to his/her skin, with hypoallergenic adhesive.  The two items were

electrodes, that sensed muscle activity and reflective markers, that identified bony land-

marks (canthus, tragus, and C7) for posture identification.  The electrodes were placed

over the neck muscles, Splenius and neck extensors, according to the findings from Exper-

iment I (Section 4.1.3.1). The center of the electrode pair for the Splenius was located at

the intersection of the C7-Ear line and the splenius line of action muscle and posterior to

the sternocleidomastoid.  The center of the electrode pair for the neck extensors was

located over the belly of the muscle at the C2 level.  The skin was cleaned and abraded

such that the resistance at the skin-electrode junction was less than 1000 ohms.  To reduce

the number of exertions required for each subject, gains were set for each muscle based on

a review of the documented gains used in several previous studies in which sEMG was

collected for the posterior neck muscles at the Ergonomics Laboratory at NC State.  The

gains were reduced only if significant clipping occurred during a brief set of preliminary

maximum exertions. 

The four, raw EMG signals were collected along with the force data from the Kin-

Com.  The force exerted by the subject against the load cell on the Kin-Com was displayed

for the subject during submaximal exertions to provide visual feedback of exertion level.

Data were collected at 1024 Hz (see Chapter 5.)  so that FFTs used during post collection
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filtering could be performed efficiently.  The analogue signals were converted to digital

signals and recorded using the data collection program Global Lab (Data Translation, Inc.

V03.00, Marlboro, MA).    The signal was filtered using an ideal filter (joinesfilter.m: high

pass: 10 Hz; low pass: 512 Hz; notch: 60 and 180 Hz), rectified, and smoothed (0.1 sec.). 

The MVEs learned during the practice session (left and right lateral, and exten-

sion) were performed at least two times with a minimum of two minutes in between exer-

tions.  This resulted in six MVEs performed at the beginning of the testing session.

Following the MVEs, the subject performed a submaximal exertion at 5% of MVE (sub-

Max) until fatigued.  The submaximal and MVE exertions were performed with his/her

head and neck flexed forward, as in the practice session.  The subject performed the sub-

Max until they could no longer maintain a constant force or until they were unwilling to

continue. At the beginning of the session, physiologic fatigue was described to the sub-

jects and subjects were instructed to �push until you can no longer exert the required force.

Do not quit because you are tired, bored, or uncomfortable. If you reach physiologic

fatigue, please click the pen you have been given.  Do not quit exerting.  If I have not

instructed you to perform the MVE and you are about to give up, click the pen rapidly.

We will go straight to the MVE.  Once again, do not quit exerting until after you have per-

formed the MVE!�  Subjects were given a pen to use to create a clicking sound when they

felt they could no longer maintain the required force. By clicking the pen instead of talk-

ing, subjects reduced the potential for crosstalk created by the muscles used when speak-

ing.  Each subject was verbally encouraged twice to continue exerting after clicking the

pen.  This gave the experimenter to time prepare for collecting a EMG data from a MVE

and draw the subject closer to physiologic fatigue.  After two encouragements, the sub-

jects were instructed to perform a MVE with no break or rest from the subMax.  This

resulted in the elimination of muscle recovery before the collection of the fatigue data.

After the MVE following the fatiguing exertion, subjects were given a discomfort survey.

The subjects performed a subMax exertion for 5 seconds every three minutes during the

thirty minute recovery period.  After the subMax, the subject reported their discomfort.

This resulted in ten discomfort and ten EMG data points taken during the thirty minute

recovery period.  After the thirty minute recovery period, the subjects performed a final

MVE.  All exertions were performed in the flexed neck posture.  The subject�s posture
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was recorded via videotape and digital pictures recorded from the side.  After all sensors

were removed, the subjects were led through another set of moderate neck stretches; and

at the end of the session, the subject was given a T-shirt as a thank you gift.  The testing

session lasted approximately 1.5 hours.

8.1.6  Data Collection, Processing, and Statistical Analysis

To assess fatigue onset and recovery from fatigue, four types of data were collected during

this experiment: maximum force generation capability; subjective reports of discomfort,

time to fatigue, and muscle activity data.  Each data type was collected at different points

in time during the experiment.   The collection points are summarized in Table 33.   Many

of the terms used to describe the analysis of these data sets may be unfamiliar and are

therefore summarized in Table 34.

Table 33: Types of Data Collected to Assess Fatigue Development

Data Type Collection Point Dependent Variable

Max Force Before fatiguing exertion
Immediately after fatiguing exertion
After 30 minute recovery period

Change in Max force generating capa-
bility

Discomfort Ratings Before fatiguing exertion
Immediately after fatiguing exertion
Every three minutes during 30 minute 

recovery period

Subjective Rating of Discomfort

Time to Fatigue Time at which the subject could no 
longer maintain a constant force 

(The experiment was stopped if the 
subject reach 30 minutes without 
fatiguing)

Time since beginning of 5% static exer-
tion

Processed EMG Every 30 seconds during submaximal 
(5% MVC) fatiguing exertion

Change in EMG amplitude
Change in NIEMG levels
Changes in number of zero crossings 
Mean and Median Frequency Shift
Change in power of frequency bands 
(high, mid, low)
Change in the highest frequency

Every three minutes during  test con-
traction during 30 minute recov-
ery period
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Table 34: Summary of Abbreviations

Abbreviation Description

G
en

er
al

MVC Maximum Voluntary Contraction

MVE Maximum Voluntary Exertion

FFT Fast Fouier Transformation

SPL Splenius

NE Neck Extensors

subMax 5% of MVE

steady state A subject will be described as having reached steady state 
for discomfort at the first of a series of three points with 
zero change in discomfort.

fatigue resistant Subjects who did not reach fatigue in thirty minutes are 
referred to as �fatigue resistant� in this study.

Fo
rc

e

MF Maximum Force

MFb Maximum Force before the fatiguing exertion

MFf Maximum Force after the fatiguing exertion

MFr Maximum Force after thirty minutes of recovery

Ti
m

e 
D

om
ai

n 
EM

G
 M

ea
su

re
s NIEMG Normalized Integrated EMG

Amp_Chg Change in Amplitude of EMG Signal

Zero_xings Number of Zero Crossings in EMG Signal

Fr
eq

ue
nc

y 
D

om
ai

n 
EM

G
 M

ea
su

re
s

Mean_freq Mean Frequency

Med_freq Median Frequency

highbandpwr power in the 100-140 Hz band

midbandpwr power in the 50-100 Hz band 

tremorbandpwr power in the 12-17 Hz band

lowbandpwr power in the 20-40 Hz band

highest_freq highest frequency with 1% power 
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8.1.6.1  Maximum Force Data

To collect the maximum force generation capability, the subject performed a maximum

voluntary exertion with his/her neck.  The subject was restrained in the chair with his/her

neck at a fixed angle.  The subject�s head was positioned such that it was in contact with

the padded load cell on the Kin-Com.  As previously described, the subject was asked to

exert as hard as he/she could �without hurting him/herself�.  This is the same exertion the

subject learned in the practice session for normalizing EMG data.  The analog force signal

from the load cell on the Kin-Com was converted to a digital signal and recorded using the

data collection program Global Lab (Data Translation, Inc. V03.00, Marlboro, MA) at

1024 Hz.  The force displayed on the Kin-Com was also recorded by hand.  The maximum

force (MF) data was collected before the fatiguing exertion (MFb), at the end of the fatigu-

ing exertion (MFf) and at the end of the thirty minute recovery period (MFr).  The differ-

ence between the maximum force before and after the fatiguing exertion was calculated

(MFf-MFb).  Similarly, the difference in the maximum force after the fatiguing exertion

and after thirty minutes of recovery was calculated (MFr-MFf).  The maximum force data

was also assessed as a percentage change in force generating capability.  The percentage

difference between the maximum force before and after the fatiguing exertion was calcu-

lated (MFf-MFb)/MFb.  Similarly, the percentage difference in the maximum force after

the fatiguing exertion and after thirty minutes of recovery was calculated (MFr-MFf)/MFb.

These differences in maximum force data and percentage of maximum force data were

evaluated using paired t-tests.  The maximum force data was first evaluated using the Sha-

piro-Wilk test for normality.  Since the maximum force data sets appeared to have been

sampled from normally distributed populations, the effect of age group on the difference

data was analyzed using a ANOVA with a between-groups factor and least squares means.  

8.1.6.2  Discomfort Data

The discomfort data was collected when the subject arrived for the testing session, imme-

diately after the fatiguing exertion and every three minutes during the recovery period.

These collections resulted in twelve data points per body part per subject.  The discomfort

data was recorded using a discomfort survey based on the CR-10 Borg scale (Borg, 1998)
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for rating discomfort.  Subjects were asked to rate their discomfort bilaterally for the neck,

shoulders, upper back, and mid-back.  The discomfort data was first evaluated using the

Shapiro-Wilk test for normality.  Each discomfort data set failed the Shapiro-Wilk test for

normality.  The discomfort data was initially evaluated using a paired t test to determine if

the measure was sensitive to fatigue and recovery from fatigue.  Data sets were then eval-

uated using a Kruskal-Wallis One-Way Analysis of Variance by Ranks test (for all three

groups) to determine if there was a difference between the age groups.  Changes in dis-

comfort between data collection increments were evaluated.  Any data set in which there

was no change in discomfort in 50% or more of the subjects in each group was excluded

from analysis.  The reason for excluding these data was a result of false positive indica-

tions of differences between groups based on the rankings of limited numbers of subjects.  

8.1.6.3  Time to Fatigue

The time to fatigue was defined as the elapsed time between the start of the submaximal,

static exertion and the time at which the subject could no longer maintain a constant force.

The inability to maintain a constant force was defined when the display of the force left

the 5N target zone more than twice in thirty seconds or when the subject was no longer

willing to exert the force.  If the subject had not fatigued after an elapsed time of thirty

minutes the subject was allowed to end the submaximal task.  Hence, a time to fatigue

value of thirty minutes indicated that the subject did not reach physiological fatigue before

the end of the experiment.  The time to fatigue data was first evaluated using the Shapiro-

Wilk test for normality.  Since the time to fatigue data set appeared to have been sampled

from a normally distributed population, the effect of age group on the time to fatigue data

was analyzed using a ANOVA with a between-groups factor.  

8.1.6.4  EMG Data

EMG data was collected bilaterally for SPL and NE.  The four, raw EMG signals were

collected at 1024 Hz (see Chapter 5.) every thirty seconds for twenty seconds.  The ana-

logue signals were converted to digital signals and recorded using the data collection pro-

gram Global Lab (Data Translation, Inc. V03.00, Marlboro, MA).    The signal was

filtered using an ideal filter (joinesfilter.m: high pass: 10 Hz; low pass: 512 Hz; notch: 60
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and 180 Hz), rectified, and smoothed (0.1 sec.). In order to obtain the most stable portion

of the signal, the first and last seconds of twenty seconds in each data file were eliminated

from further analysis. 

The EMG data were analyzed in the time and frequency domains.  Three measures

were calculated for time domain measures: average normalized integrated EMG

(NIEMG), average amplitude, and number of zero crossings per second.  Nine measures

were calculated in the frequency domain: mean frequency, median frequency, highest fre-

quency with 1% of the power in the spectrum, power in the 100-140 Hz band, power in the

50-100 Hz band, and power in the 20-40 Hz band.  Based on the results from the normal-

ization experiment (see Section 6.4) for this dissertation, when calculating average

NIEMG, the EMG data was normalized using posture specific normalization defined in

equation (1) to calculate the NIEMG values.   

                                       (1)

where:

IEMG(i,j,k) is the task average integrated EMG signal at

neck angle i, from muscle j, for subject k.

MaxIEMG(i,j,k) is the maximum integrated EMG value for

neck angle i, from muscle j, for subject k.

In this method, the maximum value of the EMG signal was collected while the subject�s

head and neck were in the same posture as the posture in which the task was performed.

The EMG data was collected: 1) during MVE (at the beginning of the experiment

for normalization purposes, after the fatiguing exertion, and after the thirty minute recov-

ery period), 2) every half minute during the fatiguing exertion, and 3) during the submaxi-

mal exertions performed every three minutes during the recovery period.  Since the

subjects fatigued at different rates, the number of EMG data points during the fatiguing,

submaximal exertion varied between subjects.  Variable numbers of data points are diffi-

cult to analyze with standard statistical measures.  Therefore the twelve (three time

domain, nine frequency domain) measures were converted to equal length data sets by

NormalizedIEMGi
IEMG i j k, ,( )

MaxIEMG i j k, ,( )
---------------------------------------------=
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estimating the measure level by interpolation at different points throughout the fatiguing

exertion.  The measures were estimated as a percentage of time to fatigue, breaking the

time to fatigue into equal time increments.  The number of time increments was chosen by

plotting actual data with estimated data with different length time increments: 5%, 10%,

and 20% of time to fatigue.  Time increments of 10 and 20% of time to fatigue appeared to

over-smooth the data and eliminate interesting changes in the plotted data.  Therefore, the

final time increments were chosen to be 5% of the time to fatigue.  This resulted in equal

length data sets with 20 data points in each set. (e.g.: The first data point represented the

data for 0-5% of the time.  The second data point represented the data for 5-10% of the

time. etc.)

Another aspect of these data sets that needed to be incorporated into the analysis

was that the data varied over time (i.e. the time and frequency domain measures were

expected to change with increased muscle fatigue).  One approach to comparing differ-

ences between data sets that vary over time is to fit regressions to the data to characterize

changes in the data.  The individual parameters, such as the intercept and slope, of the

regression can be compared between groups to identify differences in the response charac-

teristics associated with each group.  This approach, although technically correct, might

not identify differences between groups if the differences between the regressions are sub-

tle.  To examine subtle differences between the regressions (including all coefficients at

once) for each group, Johnston (1972) describes a covariance analysis using an F-statistic.

This analysis of the complete relationship was described by Johnston (1972) as �ignoring

the distinction between intercepts and slopes and considering the relationship as a whole.�

The analysis of covariance and associated f-statistic were used in the first two of the three

steps in the statistical analysis of the data set for each of the twelve measures.  To deter-

mine if one group was significantly different from the other groups, the covariance analy-

sis and associated f-statistic, considering the relationship as a whole between the

regressions for all groups combine and regressions for each group, were calculated for

each measure (Step 1).   If the f-statistic (in Step 1) for a measure was significant, indicat-

ing that at least one group was significantly different from the other groups, a pair-wise

comparison using the covariance analysis was performed between each group pair (Step

2).   Once the difference had been identified between the groups, the coefficients for the
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regression fit to the data for each group was compared so that the manner in which the

regressions differ could be interpreted (Step 3).  A thorough derivation of the f-statistic for

the analysis of covariance presented in Steps 1 and 2 is provided in Appendix VII.    

Step 1: Covariance Analysis for All Groups

A regression was fitted for each muscle and measure for all (14) subjects.

where x1ij=time for jth observation in group i

x2ij=square of time for jth observation in group i

=unexplained residual error in jth observation in group i

A  regression was fitted for each muscle and measure for each age group.

where x1ij=time for jth observation in group i

x2ij=square of time for jth observation in group i

=unexplained residual error in jth observation in group i

k=age group: younger, middle, or older (i.e. 1, 2, or 3)

An F statistic for the regression coefficients was calculated to test the hypothesis that there

was no difference between the complete relationships between the age groups.   

SSE1=Sums of Squares for the regression equation Y1ij

SSE3=Sums of Squares for the regression equation Y3ij

=SSE3Group=1+SSE3Group=2+SSE3Group=3

DFE1=Degrees of Freedom for the regression equation Y1ij

DFE3=Degrees of Freedom for the regression equation Y3ij

=DFE3Group=1+DFE3Group=2+DFE3Group=3

Y1ij β0 β1x1ij β2x2ij εij+ + +=

εij

Y3ij β0k β1kx1ij β2kx2ij εij+ + +=

εij

F
SSE1 SSE3–( ) DFE1 DFE3–( )⁄

SSE3( ) DFE3( )⁄
---------------------------------------------------------------------------------≡



141

Step 2: Covariance Analysis for Group Pairs

For the measures in which there was a significant difference between the groups, the com-

plete relationship described by Johnston (1972) was assessed between pairs of groups:

young and older, young and middle, and middle and older.  A regression was fitted for

each muscle and measure for all subjects in the groups to be compared (when comparing

the young and older groups, 9 subjects� data were included; when comparing young and

middle aged groups, 10 subjects� data were included; and when comparing middle and

older groups, 9 subjects� data were included).

where x1ij=time for jth observation in group i

x2ij=square of time for jth observation in group i

=unexplained residual error in jth observation in group i

The same  regression fitted for each muscle and measure for each age group calculated

previously was used.

where x1ij=time for jth observation in group i

x2ij=square of time for jth observation in group i

=unexplained residual error in jth observation in group i

k=age group: younger, middle, or older (i.e. 1, 2, or 3)

An F statistic for the regression coefficients was calculated to test the hypothesis that there

was no difference between the complete relationships between the age group pairs.   

Y1'ij β0 β1x1ij β2x2ij εij+ + +=

εij

Y3'ij β0k β1kx1ij β2kx2ij εij+ + +=

εij

F
SSE1' SSE3'–( ) DFE1' DFE3'–( )⁄

SSE3'( ) DFE3'( )⁄
------------------------------------------------------------------------------------≡
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=Sums of Squares for the regression equation 

=Sums of Squares for the regression equation 

=SSE3Group=1+SSE3Group=3  or

=SSE3Group=1+SSE3Group=2  or

=SSE3Group=2+SSE3Group=3

=Degrees of Freedom for the regression equation 

=Degrees of Freedom for the regression equation 

=DFE3Group=1+DFE3Group=3  or

=DFE3Group=1+DFE3Group=2  or

=DFE3Group=2+DFE3Group=3

Step 3: Backward Regression for Each Group

Backward regressions were fitted to each muscle for the measure of interest for each age

group.  The initial regression included time and time2  terms.  The backward regression

removed a non-significant term with each step until all terms left in the regression were

significant (P-value=0.05).

SSE1' Y1'ij

SSE3' Y3'ij

DFE1' Y1'ij

DFE3' Y3'ij
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8.2  Results

The four types of data collected in this experiment were first evaluated using eleven mea-

sures to determine if any of the measures were sensitive to fatigue development.  The mea-

sures sensitive to fatigue were evaluated by age group.  The effect of age group was

assessed during fatigue development and recovery from fatigue. 

8.2.1  Maximum Force Generation Capability

The maximum force generation capability data was initially evaluated using a paired t test

to evaluate if the measure was sensitive to fatigue and recovery from fatigue.  The paired t

test comparing the force of the subjects before and immediately after the exertion indi-

cated that the means of the data were not significantly different from each other (P=0.65).

The paired t test comparing the force of the subjects immediately after the exertion and

after thirty minutes of recovery also indicated that the means of the data were not signifi-

cantly different from each other (P=0.76).  At this point the maximum force generation

capability would appear to be insensitive to fatigue development.  This conflicts with

reports of  decreased force generating capacity of the muscle in published fatigue research

(Bigland-Ritchie et al., 1981; Bigland-Ritchie et al., 1992; Bigland-Ritchie et al., 1986;

Currier, ; Gamet and Maton, 1989; Sjøgaard et al., 1986).  Furthermore, when the individ-

ual data was plotted the measure does appear sensitive to fatigue, but the response was

very different between groups.  

Since the maximum force (MF) generation capability appeared to be sensitive to

fatigue when plotted by age group, four hypothesis were tested. (1) There were no differ-

ences between age groups with respect to the subject�s change in maximum force genera-

tion capability after the fatiguing exertion.  (2) There were no differences between age

groups with respect to the subject�s change in percent maximum force generation capabil-

ity after the fatiguing exertion.  (3) There were no differences between age groups with

respect to the subject�s change in maximum force generation capability after the recovery

period.  (4) There were no differences between age groups with respect to the subject�s

change in percent maximum force generation capability after the recovery period.
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Using an analysis of variance to compare the change in maximum force (MF) gen-

eration capability after fatigue (MFf - MFb) by age group, the first, null hypothesis was

rejected (P= 0.009).  There was a statistically significant association between the indepen-

dent variable, age, and the dependent varible, MFf - MFb.  There was a statistically signif-

icant difference between the  MFf - MFb for the young and older groups.  However, there

was no statistically significant difference between the middle group and the young and

older groups for  MFf - MFb (see Table 35).  

Table 35: P value for the Effect of Age Group on the changes in Maximum Force 
Generating Capability after Fatigue and after Initial Recovery

Young Group Middle Group Older Group

Changes in force generating capability
P= 0.009

M
F f

 - 
M

F b Young Group

Middle Group .5116

Older Group .0076 .0614

P= 0.09

M
F r

 - 
M

F f Young Group

Middle Group .5001

Older Group .0768 .4542

Changes in percent force generating capability
P= 0.06

(M
F f

 - 
M

F b
)

--
--

--
--

--
--

--
--

   
   

  M
F b

Young Group

Middle Group .8252

Older Group .0605 .1822

P= 0.04

(M
F r

 - 
M

F f
)

--
--

--
--

--
--

--
--

   
   

 M
F b

Young Group

Middle Group .5059

Older Group .0361 .2542
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However, when using an analysis of variance to compare the percentage difference in

maximum force (MF) generation capability after recovery ((MFf - MFb)/ MFb) by age

group, the second, null hypothesis was not rejected (P= 0.06).

Using an analysis of variance to compare the change in maximum force (MF) gen-

eration capability after recovery  (MFr - MFf) by age group, the third, null hypothesis was

not rejected (P = 0.09).  Indicating that there was no significant interaction between age

group and post fatigue/post recovery force levels.  However, when using an analysis of

variance to compare the percentage difference in maximum force (MF) generation capa-

bility after recovery ((MFr - MFf)/ MFb) by age group, the forth, null hypothesis was

rejected (P= 0.04).  Again, there was a statistically significant difference between the  MFr

- MFf for the young and older groups.

An evaluation of the data plotted by groups indicated the lack of detected differ-

ence between the middle group and the young and older groups might have been a func-

tion of the large intra-group variability and small sample size (see Figure 30 and

Figure 31).  

An interesting characteristic of all subjects in the older group and one subject in

the middle group was the increase in force generated during the MVE after the fatiguing

exertion.  One explanation would indicate that the older group (and one subject in the mid-

dle group) provided poor MVEs.  Closer examination of this data might indicate that the

older subjects gave true MVEs before the fatiguing exertion, generating as much force as

they thought they could without hurting themselves.  Then after the fatiguing exertion the

older (and one middle aged) subjects again exerted as much as they thought they could

without hurting themselves; however, some of their sensory feedback might have been

inhibited by the fatigue, resulting in the larger MVE force values when fatigued.  This line

of reasoning also supports the decrease in MVE forces after the recovery period (after

some sensory feedback has been restored).  If the later explanation were the true explana-

tion for the increase in MVC after the fatiguing exertion, this would indicate that older

subjects/individuals may be at greater risk for injury when fatigued because of the lack of

proprioceptive feedback.  Further, more focused, testing would be required to test this

hypothesis.
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Change in force generation capability immediately to submaximal, static exertion held 
to fatigue or for thirty minutes (MFf - MFb).  (MFf - MFb) was expected to be <0.

Change in force generation capability after thirty minute recovery period
(MFr-MFf).  (MFr-MFf) was expected to be >0.

Plot of fatiguechg*grp.  
Legend: A = 1 obs, B = 2 obs, etc.
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Plot of recoverchg*grp. 
Legend: A = 1 obs, B = 2 obs,etc.
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Figure 30: Change in Force Generation Capability associated with Fatiguing Exertion 
and Recovery 
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Percent change in force generation capability immediately to submaximal, static 
exertion held to fatigue or for thirty minutes (MFf - MFb)/MFb

Percent change in force generation capability after thirty minute recovery 
period (MFr-MFf)/MFb

         Plot of perfatiguechg*grp.  Legend: A = 1 obs, B = 2 obs, etc.
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Figure 31: Change in Percent Force Generation Capability associated with Fatiguing 
Exertion and Recovery
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8.2.2  Discomfort Data

The analysis of the discomfort data had two purposes.  The first purpose was to identify

measures that were sensitive to low force fatigue across age groups.  The second purpose

of the analysis was to identify differences in the data by age group if differences were

present.

8.2.2.1  Sensitivity of Reported Discomfort to Low Force Fatigue Across Age Groups

Since each discomfort data set failed the Shapiro-Wilk test for normality, the discomfort

data was initially evaluated using a paired t test to evaluate if the measure was sensitive to

fatigue and recovery from fatigue.  The paired t test comparing the reported discomfort of

the subjects before and immediately after the exertion indicated that the means of the data

were significantly different from each other for each body part assessed.  The paired t test

comparing the reported discomfort of the subjects immediately after the exertion and after

thirty minutes of recovery also indicated that the means of the data were significantly dif-

ferent from each other for each body part assessed. 

Table 36: Significance Level Associated with the Change in Discomfort after the 
Fatiguing Exertion

left right

af
te

r f
at

ig
ui

ng
 

ex
er

tio
n

neck 0.0002 0.0002

upper back 0.0002 0.0002

shoulder 0.0052 0.0143

middle back 0.0019 0.0023
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io

d neck 0.0003 0.0002

upper back 0.001 0.001

shoulder 0.0036 0.0071

middle back 0.0012 0.0009
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8.2.2.2  Sensitivity of Reported Discomfort to Low Force Fatigue Between Age Groups

Since each discomfort data set failed the Shapiro-Wilk test for normality, the Kruskal-

Wallis test (with n1=5, n2=5, and n3=4 subjects) was performed on the incremental

change in discomfort (relative to previous discomfort rating) at each time increment for

each body part to compare between groups.  If the Kruskal-Wallis test was significant,

indicating that at least one of the groups tended to exhibit larger values than at least one of

the other groups, a between-groups analysis using the Mann-Whitney test was performed.

Comparisons using the Kruskal-Wallis test and the  Mann-Whitney test on the changes in

rating of discomfort in the neck, shoulders, mid-back, and upper back are summarized in

Table 37, Table 38, Table 39, and Table 40, respectively. 

The Kruskal-Wallis test indicated there were significant differences for all body

parts and time spans assessed.  Therefore, the discussion of the results for each body part

will focus on the difference in discomfort rating assessed using the Mann-Whitey test.  As

mentioned in Section 8.1.6.2, data sets in which there were no changes in discomfort for

more than half of the subjects in each group were excluded from analysis due to false pos-

itive indications of differences between groups based on the ranking of limited numbers of

subjects.  

To identify trends in the discomfort data, the changes in discomfort were graphed

by age group for each body part. An interesting characteristic of the graphs presented in

Figure 32 is the variation in the changes in neck discomfort in each age group, followed

by a flat portion of the graph representing a lack of change.  This lack of change will be

referred to as �steady state.�  A group will be described as having reached steady state at

the first of a series of three points with zero change in discomfort.  Changes in average dis-

comfort greater than four were considered high, between two and four were considered

moderate, and slight below two.  

8.2.2.2.1  Change in Discomfort after Fatiguing Exertion

The difference in discomfort between initial rating and the rating recorded immediately

after the fatiguing exertion increased for all subjects.  On average the increased discomfort

reported was greater with decreased age group.  For the neck discomfort ratings, the older

group�s reporting of increased discomfort was significantly lower (P=0.05) than the

younger and middle aged group�s.  For the shoulder and upper back, there were no signif-
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icant differences between ratings at the alpha=0.05 significance level.  However, the older

group�s reporting of increased discomfort was significantly lower than the younger

group�s at the alpha=0.01 significance level.  There was no significant difference between

the reporting of increased discomfort for the mid-back.

8.2.2.2.2  Change in Discomfort during the Thirty Minute Recovery Period

The differences between the discomfort ratings are summarized by body part in Table 37,

Table 38, Table 39, and Table 40.  At various stages in the recovery period, the differ-

ences between groups are significantly different.  These differences, although significant,

are difficult to synthesize to develop a pattern of recovery based on differences in age

group.  An easier approach to examining the differences in discomfort during the recovery

period is to examine the time until the groups reach �steady state.�  �Steady state� was

previously defined as a series of three points with zero change in discomfort.

For the neck, the older group had reached steady state after six minutes of recov-

ery, while the young and middle age groups were still recovering.  The middle age group

changes in neck discomfort were more erratic than the young and older age groups.  The

younger group reach steady state after eighteen minutes of recovery.

There was little shoulder discomfort associated with fatigue development from this

task.  As a result there were very few differences between groups in shoulder discomfort

during the recovery period.  During the first three minutes of recovery there was a signifi-

cant difference between the middle and older groups in which the older group reported

less discomfort on average than the other groups.  The older group reached steady state at

six minutes.  The middle and younger groups reached steady state at 21 minutes.

The fatiguing exertion resulted in high levels of average upper back discomfort for

the young subject group and moderate levels of average discomfort for the middle and

older age groups.  The younger group reported significantly more discomfort from the

exertion than did the older group.  During the first six minutes of recovery, the young and

middle groups were significantly different in their changes in discomfort.  The middle and

older groups reached  steady state at twelve minutes.  The younger group did not reach

steady state. 
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The fatiguing exertion resulted in high levels of average mid-back discomfort for

the young subject group and moderate levels of average discomfort for the middle and

older age groups.  The graphs of the changes in mid-back discomfort were similar for the

young and middle aged groups.  However, the two groups were significantly different

between the sixth and ninth minutes of recovery, with the younger improving more than

the middle aged group during that time period.  The older group reached steady state after

six minutes of recovery.  The middle and younger groups did not reach steady state during

the thirty minute recovery period.
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Note:  The Change in Discomfort plotted on the Y axis represents the average difference in discomfort rating associ-
ated with each time increment: discomfortt-discomfortt-1.
Note:  Time 1 presents the average change in discomfort (from baseline) rated immediately after the fatiguing exer-
tion.  Time points 2-11 represent the time increments every three minutes during the thirty minute recovery period.

Figure 32: Change in Discomfort Reported by Group After the Fatiguing Exertion 
and During the Thirty Minute Recovery Period
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Note:  The Change in Discomfort plotted on the Y axis represents the average difference in discomfort rating associ-
ated with each time increment: discomfortt-discomfortt-1.
Note:  Time 1 presents the average change in discomfort (from baseline) rated immediately after the fatiguing exer-
tion.  Time points 2-11 represent the time increments every three minutes during the thirty minute recovery period.

Figure 32: Change in Discomfort Reported by Group After the Fatiguing Exertion 
and During the Thirty Minute Recovery Period
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Table 37: Comparisons Made between the Discomfort Ratings for the Neck for 
Differences between Groupsa 

Ti
m

e 
In

cr
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ts

Difference in Neck Discomfort Ratings Comparison of All 
Groups 

For Kruskal-Wallis test,
with n1=5, n2=5, and
n3=4, alpha =0.05
Critical value =5.64

Difference Between Groups

B
ef
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e 

te
st
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se
ss

io
n

After fatiguing exertion, t =    (minutes) Younger and 
Middle

Middle and 
Older

Younger and Older

0 3 6 9 12 15 18 21 24 27 30

For  Mann-Whitney Test with 
n=5, m=5 and p=0.05 reject 

Ho
b if T<5

 n=5, m=4 and 
p=0.05

reject Ho if T<3

1 x x 14.8 6 3 1

2 x x 7.3 12 6 4c

3 x x 11.9 0 6 5

4 x x 9.5 10 0 0

5 x x 11.7 6 0 0

6 x x
skipd

7 x x 12.6 0 0 8

8 x x skip
9 x x 13.5 3 4 8

10 x x skip
11 x x skip

x x 12.0 10 3 0

Note: The numbers reported in this table are the values of the test statistics, not discomfort ratings.

a. Test Statistics that achieved significance at p<= 0.05 are written in 12 pt font; non-significant test statistics appear in the table in 7 pt font
b. The Mann-Whitney test assignment of groups is random; therefore, each statistic was assigned to group X to test Ho.  Where Ho is defined 

as MedianX is greater than or equal to MedianY 
c. was significant at alpha=0.1 level
d. A comparison between groups was skipped if there was no change in discomfort in 50% or more subjects in each group.



155

Table 38: Comparisons Made between the Discomfort Ratings for the Shoulders 
Using Kruskal-Wallis Test for Differences between Groupsa
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Difference in Shoulder Discomfort Ratings Comparison of All 
Groups 

For Kruskal-Wallis test,
with n1=5, n2=5, and
n3=4, alpha =0.05
Critical value =5.64

Difference Between Groups

B
ef

or
e 

te
st

in
g 

se
ss

io
n

After fatiguing exertion, t =    (minutes) Younger and 
Middle

Middle and 
Older

Younger and Older

0 3 6 9 12 15 18 21 24 27 30

For  Mann-Whitney Test with 
n=5, m=5 and p=0.05 reject Ho

b 
if T<5

 n=5, m=4 and 
p=0.05

reject Ho if T<3

1 x x 11.05 6.5 6.5 3c

2 x x 10.61 12 4.5 5

3 x x skipd

4 x x

5 x x

6 x x

7 x x

8 x x

9 x x

10 x x

11 x x

x x

Note: The numbers reported in this table are the values of the test statistics, not discomfort ratings.

a. Test Statistics that achieved significance at p<= 0.05 are written in 12 pt font; non-significant test statistics appear in the table in 7 pt font
b. The Mann-Whitney test assignment of groups is random; therefore, each statistic was assigned to group X to test Ho.  Where Ho is defined 

as MedianX is greater than or equal to MedianY 
c. was significant at alpha=0.1 level
d. A comparison between groups was skipped if there was no change in discomfort in 50% or more subjects in each group.
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Table 39: Comparisons Made between the Discomfort Ratings for the Mid-Back 
Using Kruskal-Wallis Test for Differences between Groupsa

Ti
m

e 
In

cr
em

en
ts

Difference in Mid-Back Discomfort Ratings Comparison of All 
Groups 

For Kruskal-Wallis test,
with n1=5, n2=5, and
n3=4, alpha =0.05
Critical value =5.64

Difference Between Groups

B
ef

or
e 

te
st

in
g 

se
ss

io
n

After fatiguing exertion, t =    (minutes) Younger and 
Middle

Middle and 
Older

Younger and Older

0 3 6 9 12 15 18 21 24 27 30

For  Mann-Whitney Test with 
n=5, m=5 and p=0.05 reject Ho

b 
if T<5

 n=5, m=4 and 
p=0.05

reject Ho if T<3

1 x x 8.18 12 10 5

2 x x 6.94 9 8 7

3 x x 9.88 3
7 3c

4 x x

skipd

5 x x

6 x x

7 x x

8 x x

9 x x

10 x x

11 x x

x x 7.87 12 4 4

Note: The numbers reported in this table are the values of the test statistics, not discomfort ratings.

a. Test Statistics that achieved significance at p<= 0.05 are written in 12 pt font; non-significant test statistics appear in the table in 7 pt font
b. The Mann-Whitney test assignment of groups is random; therefore, each statistic was assigned to group X to test Ho.  Where Ho is defined 

as MedianX is greater than or equal to MedianY 
c. was significant at alpha=0.1 level
d. A comparison between groups was skipped if there was no change in discomfort in 50% or more subjects in each group.
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8.2.3   Time to Fatigue

This analysis tested the null hypothesis that the time to fatigue was not affected by age

group.   The analysis failed to reject the null hypothesis.   A matrix identifying (see

Table 41) potential differences between pairs of groups indicated there was little differ-

ence in the average time to fatigue between groups.  

An evaluation of the data plotted for each group indicated that there might be a dis-

tinction between subjects within each group based on fatigue resistance (see Figure 33).

Two older and two middle-aged subjects (indicated in Figure 33 in bold letters) who did

not reach fatigue in thirty minutes are here characterized as �fatigue resistant.�  The  sub-

Table 40: Comparisons Made between the Discomfort Ratings for the Upper Back 
Using Kruskal-Wallis Test for Differences between Groupsa

Ti
m

e 
In

cr
em

en
ts

Difference in Upper Back Discomfort Ratings Comparison of All 

Groups 

For Kruskal-Wallis

test, with n1=5, n2=5,

and n3=4, alpha

=0.05

Critical value =5.64

Difference Between Groups

B
ef

or
e 

te
st

in
g 

se
ss

io
n

After fatiguing exertion, t =    (minutes) Younger and 
Middle

Middle and 
Older

Younger and Older

0 3 6 9 1

2

1

5

1

8

2

1

2

4

2

7

3

0

For  Mann-Whitney Test with 

n=5, m=5 and p=0.05 reject Ho
b 

if T<5

 n=5, m=4 and 

p=0.05

reject Ho if T<3

1 x x 13.73 7 8 2
2 x x 7.70 0 9 5

3 x x 7.50 0 10 4c

4 x x 9.29 0 4 0
5 x x

skipd

6 x x

7 x x

8 x x

9 x x

10 x x 9.43 0 0 0
11 x x skip

x x 8.29 12 0 4c

Note: The numbers reported in this table are the values of the test statistics, not discomfort ratings.

a. Test Statistics that achieved significance at p<= 0.05 are written in 12 pt font; non-significant test statistics appear in the table in 7 pt font
b. The Mann-Whitney test assignment of groups is random; therefore, each statistic was assigned to group X to test Ho.  Where Ho is defined 

as MedianX is greater than or equal to MedianY 
c. was significant at alpha=0.1 level
d. A comparison between groups was skipped if there was no change in discomfort in 50% or more subjects in each group.
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Table 41: P  values for the Between Groups Effect of Age on Time to Fatigue

Young Group Middle Group Older Group

Young Group

Middle Group .9472

Older Group 1.000 .9529

        Plot of time_2_fatigue*grp.  Legend: A = 1 obs, B = 2 obs, etc.

  time to fatigue     ‚
   (minutes)          ‚

                 30.0 ˆ                        B             B
                      ‚
                      ‚  A
                      ‚
                      ‚
                 27.5 ˆ
                      ‚
                      ‚
                      ‚
                      ‚
                 25.0 ˆ
                      ‚
                      ‚
                      ‚
                      ‚
                 22.5 ˆ  B
                      ‚
                      ‚
                      ‚
                      ‚
                 20.0 ˆ
                      ‚  A
                      ‚
                      ‚                        A
                      ‚
                 17.5 ˆ
                      ‚
                      ‚  A
                      ‚
                      ‚                        A                     A
                 15.0 ˆ
                      ‚
                      ‚
                      ‚
                      ‚
                 12.5 ˆ                                              A
                      ‚
                      ‚
                      ‚
                      ‚
                 10.0 ˆ
                      ‚
                      ‚
                      ‚
                      ‚                        A
                  7.5 ˆ
                      ‚
                      Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒ
                        Younger             Middle                Older

                                           Group

Figure 33: Plot of Time to Fatigue by Age Groups
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jects who would not be characterized as fatigue resistant exhibited decreasing time to

fatigue with increased age group.

8.2.4  EMG Data

Similar to the analysis of the previous data sets, the analysis of the EMG data had two pur-

poses.  The first purpose was to identify measures that were sensitive to low force fatigue

across age groups.  The second purpose of the analysis was to identify differences in the

data by age group if differences were present.  The analysis of the EMG data assessed ten

measures.  Three measures were calculated for time domain measures: average normal-

ized integrated EMG (NIEMG), average amplitude, and number of zero crossings.  Seven

measures were calculated in the frequency domain: mean frequency, median frequency,

highest frequency with 1% power (highestfreq), power in the 100-140 Hz band (highband-

pwr), power in the 50-100 Hz band (midbandpwr), power in the 12-17 Hz band (tremor-

bandpwr), and power in the 20-40 Hz band (lowbandpwr).  

8.2.4.1  Sensitivity of EMG Measures to Low Force Fatigue

Two methods were used to identify measures that were sensitive to low force fatigue. Ini-

tially, the ten EMG measures were assessed using a paired sample t test to assess the sen-

sitivity of the measure to low force fatigue across age groups.  This comparison assessed

change in the EMG measures before and after the fatiguing exertion.  Subsequently, the

ten EMG measures were compared using the slope coefficients from backward regres-

sions fit to the EMG measure data for each group.  This approach was employed to

address the potential subtle difference in responses.

In the first assessment, each EMG measure was evaluated using data at the begin-

ning and the end of the experiment at prefatigued and fatigued levels, respectively.  Since

the data was not normally distributed, the data was analyzed using a paired sample, t-test,

to assess the difference in EMG measure before and after the fatiguing exertion.  The

results presented in Table 42 indicate that seven of the ten measures were sensitive for the

majority (3/4) of the muscles sampled.   Those seven measures were: amplitude change,

NIEMG, number of zero crossings, mean frequency, mean frequency, highbandpwr, and

midbandpwr (see Table 43).  Although the remaining three measures did not indicate sen-
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sitivity to changes in fatigue across all age groups, these measures are included in the anal-

ysis within age groups in the next section.

In the second assessment, the EMG measures were assessed for changes in the

measures over time for each age group.  Since the data points are repeated measures of

muscle activity, a simple method for determining if a variable is changing over time is to

fit a polynomial regression to the data set (binned over 5% time intervals).  Regressions

with non-zero coefficients associated with time indicate a change in the data with time

(and in this experiment with fatigue).  When the maximum force generation capability

data set was evaluated for sensitivity to fatigue using a t test,  the responses of the age

groups were so different that they masked the sensitivity of the measure to fatigue.  There-

fore, the regressions used in this analysis were performed for each muscle and for each age

group to determine if any additional measures not identified in the first (t test) assessment

were sensitive to fatigue. All measures (including those already identified by the first

assessment) were included in this analysis.  The results of the backward regression analy-

Table 42: Sensitivity of EMG Measures to Low Force Fatigue Across Age Groups 
Assessed using a Paired Sample, t-Test

EMG Measures Splenius  Neck Extensor

Left Right Left Right

Ti
m

e 
D

om
ai

n Amplitude Change 0.011* <0.0001* 0.0014* 0.0003*

NIEMG 0.002* <0.0001 <0.0001* <0.0001*

Number of Zero Crossings 0.0004* 0.0002* <0.0001* <0.0001*

Fr
eq

ue
nc

y 
D

om
ai

n

Mean Frequency <0.0001* 0.0005* <0.0001* <0.0001*

Median Frequency 0.0421* 0.0804 0.001* 0.0001*

Highbandpwr 0.071 0.046* 0.020* 0.014*

Midbandpwr 0.063 0.041* 0.020* 0.021*

Lowbandpwr 0.093 0.062 0.048* 0.050

Tremorbandpwr 0.568 0.408 0.211 0.718

Highest Frequency 0.087 0.860 0.276 0.124

* indicates EMG measures sensitive to low force fatigue across age groups at p<0.05
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sis are presented for the time domain and frequency domain measures in Table 45 and

Table 47, respectively.

The backward regression indicated that the three time domain measures varied

with time for the young and older aged groups (see Table 43).  Additionally, the

Zero_xing measure also varied with time for the middle aged group for two muscles.  Four

of the seven frequency domain measures varied with time for each muscle in one age

group or over half of the muscles for at least two of the age groups (only Tremorbndpwr

had no slope components). 

The inconsistent differentiation of time and frequency domain measures� sensitiv-

ity across age groups in Table 43 may help explain the difficulty researchers have had in

identifying low force fatigue with small numbers of subjects.  Low force fatigue develop-

ment appears to manifest in multiple aspects of the EMG signal and may be obscured dur-

Table 43: Summary of EMG Measures Indicated to be Sensitive to Low Force 
Fatigue Highlighting the Confounding Effect of Age with EMG Measure

EMG Measure Method of Assessing EMG Measure Sensitivity

t test*
(summary of 
results from 
Table 42)

Slope Coefficient from Regression Analysis**

Young
Group

Middle
Group

Older
Group

Ti
m

e 
D

om
ai

n NIEMG 4/4 4/4 4/4

Amp Chg 4/4 4/4 4/4

Zero_xings 4/4 4/4 2/4 4/4

Fr
eq

ue
nc

y 
D

om
ai

n

Mean_Freq 4/4 4/4 2/4 4/4

Med_Freq 3/4 3/4 1/4 2/4

HIGHBANDPWR 3/4 1/4 4/4

MIDBANDPWR 3/4 1/4 4/4

LOWBANDPWR 2/4 3/4

TREMORBANDPWR

HIGHESTFREQ 1/4 2/4

 Bold indicates measure is sensitive to low force fatigue
 * ratio indicates the number of muscles for which the measure was sensitive (p<0.05) using the t test
** ratio indicates the number of muscles for which there was a slope coefficient for the backward regression
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ing experiments in which small numbers of subjects are run and in which physiologic

fatigue (when a subject is no longer capable of maintaining an exertion) is not reached.  

8.2.5  Effect of Age Group on EMG Measures During Fatigue Development

The previous analysis was performed to determine which EMG measures are sensitive to

fatigue.  Using the seven EMG measures found to be sensitive to fatigue, the effect of age

group was evaluated using the three step process described in Section 8.1.6.4.  Briefly, the

first step required calculating regressions for each group for each measure and an F-statis-

tic which evaluated the regression relationship as a whole for all groups.  In the second

step, a pair-wise comparison using the covariance analysis was performed between each

group pair for measures which the F-statistic (in Step 1) was significant, (indicating that at

least one group was significantly different from the other groups).   In the third step, the

coefficients for the regressions fit to the data for each group were compared so that the

manner in which the regressions differ could be interpreted. 

The results from this three step process are presented first for the three time

domain measures.  The results for the four frequency domain measures that were sensitive

to fatigue follow.

8.2.5.1  Time Domain Measures

The purpose of this analysis was to identify any differences in the EMG data by age group.

The results from the first step in the covariance analysis, presented in the third colmun of

Table 44, indicate that the three regressions for the time domain measures are significantly

different based on age group for all muscles (except for the amplitude change for the

L_NE).  The differences between the regressions are a function of the combined differ-

ences between the intercepts, slopes, and curvatures.  The results from the second step in

the covariance analysis are also presented in the fourth-sixth columns of Table 44.  These

pairwise comparisons indicated that there were many differences between the age groups

for the regressions for each muscle for each measure.  Significant differences were found

between the younger and older age groups for each muscle and measure (except one).

Significant differences were found between the younger and middle age groups for each

muscle and measure (except two in the amplitude change).  When comparing the middle
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and older groups, there were equally as many non-significant differences as there were

significant ones.

Strong distinctions (large F values) between the older group and the middle aged

group were identified using the NIEMG measure for the NEs.  The differences between

the three groups were not statistically significant for the L_NE for the Amp_chg measure.

Similarly, the differences were not significant between middle aged group and the young

for the L_SPL and R_NE, nor between the middle and older groups for the R_SPL.  Dif-

ferences between age groups were less predicable with the Amp_chg measure.  

Table 44: Difference between the Complete Relationship between the Age Groups 
during Fatigue Development for Time Domain Parameters

EMG Measure Muscle
Comparisons Between

All Groups Younger and 
Older 

Younger and 
Middle

Middle and 
Older

F(6,271,0.05)=2.10 F(3,174,0.05)=2.60 F(3,194,0.05)=2.60 F(3,174,0.05)=2.60

NIEMG LSPL 2.13 1.49 3.25 1.27

RSPL 11.60 29.67 12.28 2.03

LNE 25.67 27.52 6.01 41.22

RNE 10.15 10.44 2.69 20.37

Amplitude Change LSPL 2.65 3.01 1.67 3.83

RSPL 3.92 6.36 5.73 1.44

LNE 1.39 1.67 1.05 1.73

RNE 4.54 7.12 0.99 8.73

Number of Zero 
Crossings

LSPL 9.30 7.83 30.79 3.13

RSPL 3.82 7.69 5.47 0.53

LNE 5.40 6.86 11.24 0.33

RNE 4.03 7.66 3.04 1.76 
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To understand how the regressions of the time domain measures differed between

groups, the coefficients (i.e., slopes, intercepts, etc.) from the backward regressions calcu-

lated in Step 3 are examined.  The regression coefficients are presented in Table 45.

The most noticeable aspect of the regression analysis is that there are no time or

time2  coefficients for the middle age group, except for the right SPL and NE for the

Zero_xing measure.  This indicated that these measures did not significantly change dur-

ing the fatiguing exertion.

The only time2 coefficients that were retained in the regressions for the Zero_xings

were for the young group for the L_SPL and older group for the R_SPL.  

For the NIEMG and Amp_chg the regression coefficients for time were larger for

the younger age group than the older.  This indicates that the NIEMG and Amp_chg

increase faster for the younger age group.  The difference between the older and young

group for NIEMG was not statistically significant for the L_SPL.  The differences

between the older and middle group for NIEMG were not statistically significant for the

L_SPL or R_SPL.  

For the Zero_xings regression, the coefficient of time was more negative with the

younger age group, except for the R_SPL.  This indicates that the number of zero cross-

ings decreased more rapidly for younger age group for the L_SPL and the NEs.  There was

a statistically significant difference between the young group and the middle and older age

groups, for both the SPLs and NEs.  The difference between middle and older groups was

also statistically significant for the L_SPL.
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Table 45: Regression Coefficients from Backward Regressions on EMG Time 
Domain Measures during Fatiguing Exertion by Group

EMG Measure Muscle Group Intercept time time2 EMG Measure Muscle Group Intercept time time2

Niemg L_SPL Young 0.0771 0.00414 Amp Chg L_SPL Young 45.659 2.7963

Middle 0.013156 Middle 109.21

Older 0.0822 0.0016 Older 43.759 0.9482

R_SPL Young 0.04812 0.00295 R_SPL Young 29.561 1.8324

Middle 0.11396 Middle 66.907

Older 0.1193 Older 46.14 0.5517

L_NE Young 0.13526 0.00542 L_NE Young 69.123 3.018

Middle 0.18338 Middle 113.02

Older 0.2162 0.0032 Older 73.763 1.0088

R_NE Young 0.14515 0.0061 R_NE Young 67.948 2.9661

Middle 0.19238 Middle 119.38

Older 0.222 0.0027 Older 63.039 0.8699

Zero_xings L_SPL Young 276.28 -7.2608 0.2087

Middle 252.92

Older 266.74 -2.1585

R_SPL Young 280.99 -3.5657

Middle 283.21 -1.6433

Older 279.02 -6.2596 0.2349

L_NE Young 246.44 -2.9539

Middle 244.52

Older 247.07 -1.371

R_NE Young 243.02 -2.8367

Middle 245.41 -1.9271

Older 255.1 -1.6636

Note: Typically, NIEMG and  amplitude increase and the number of zero crossing decrease with fatigue onset.  The change in each measure over time 
(assumably as a result of fatigue development in this experiment) is modelled by the coefficient of the time term in the regression equation.  The results 
of this experiment are consistent with the fatigue literature reviewed (Currier 1969; Kuroda 1970; Moritani 1982; Bigland-Ritchie 1986; Hägg 1987; 
Suurkula and Hagg 1987; Gamet 1989; Hägg and Suurkula 1991; Öberg, Sandsjo et al. 1994) for the NIEMG, amplitude and zero crossings measures.  
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8.2.5.2  Frequency Domain Measures

Like the time domain analysis presented in the previous section, the purpose of this analy-

sis was to identify any differences in the data by age group. The results from (the first step

in) the covariance analysis presented in the third column of Table 46 indicate that four of

the seven frequency domain measures� regressions were significantly different for all

muscles based on age group.  There was not a significant difference in the comparisons

between all the groups for most of the muscles for the highest frequency measure and the

power in the low and tremor bands.  

The pair-wise comparisons (second step) of the groups are presented in the fourth-

sixth columns of Table 47.  These pairwise comparisons indicated that there were signifi-

cant differences between the younger group and the middle group (except for 1 muscle)

for the mean and median frequencies.  These pairwise comparisons indicated that there

were consistently significant differences between the older group and the younger and

middle groups for the power in the mid and high frequency bands.

As with the time domain analysis, to understand how the regressions of the time

domain measures differed between groups, the coefficients from the backward regressions

calculated in Step 3 are examined.  The regression coefficients are presented in Table 47.
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Table 46: Difference between the Complete Relationship between the Age Groups 
during Fatigue Development for Frequency Domain Parameters

EMG Measure Muscle
Comparisons Betweena

All Groups Younger 
and Older 

Younger and 
Middle

Middle and 
Older

F(6,271,0.05)=2.10 F(3,174,0.05)=2.60 F(3,194,0.05)=2.60 F(3,174,0.05)=2.60

MEAN_FREQ LSPL 5.30 0.53 13.91 5.77

RSPL 3.31 9.10 1.20 2.22

LNE 6.49 10.24 11.97 0.26

RNE 5.33 10.38 2.63 3.03

MED_FREQ LSPL 3.68 2.62 3.78 4.64

RSPL 5.56 2.55 5.57 8.21

LNE 5.55 5.27 10.57 1.00

RNE 2.52 0.88 3.59 3.46

HIGHBANDPWR LSPL 3.18 4.47 1.16 4.75

RSPL 3.48 4.24 2.34 4.95

LNE 3.59 6.72 1.41 5.28

RNE 3.71 8.18 0.19 5.98 

MIDBANDPWR LSPL 2.20 3.51 0.79 4.03

RSPL 2.54 3.24 1.41 3.89

LNE 3.55 6.80 1.38 4.98

RNE 4.75 8.80 1.32 7.41 

HIGHEST_FREQ LSPL 3.61 0.30 4.45 6.44

RSPL 0.54

LNE 2.20 6.19 1.06 1.14

RNE 4.04 8.26 5.20 0.46

LOWBANDPWR LSPL 4.20 6.37 2.95 2.96

RSPL 0.97

LNE 0.77

RNE 0.78
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TREMORBAND-
PWR

LSPL 2.21 2.61 7.98 0.51

RSPL 0.49

LNE 0.19

RNE 0.35

a. For the comparisons between all groups that were not significant (indicating there were no 
groups that were significantly different from the other groups) the comparisons between group 
pairs were not performed and are represented by blank cells in this table.

Table 46: Difference between the Complete Relationship between the Age Groups 
during Fatigue Development for Frequency Domain Parameters
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Table 47: Regression Coefficients from Backward Regressions on EMG Frequency 
Domain Measures during Fatigue Development By Group

EM
G

 M
ea

su
re

Muscle Grp Intercept time time2

EM
G

 M
ea

su
re

Muscle Group Intercept time time2

M
ea

n_
fre

q

L_SPL Young 118.13 -2.7424 0.0809

M
ed

ia
n_

fre
q

L_SPL Young 93.55 -2.1892 0.0756

Middle 108.11 Middle 77.028

Older 126.45 -4.071 0.1436 Older 90.444 -1.1458

R_SPL Young 119.2 -1.3188 R_SPL Young 88.378 -0.6655

Middle 121.52 -0.8539 Middle 80.418 -0.0228

Older 126.36 -3.9793 0.1573 Older 79.991

L_NE Young 107.08 -1.2633 L_NE Young 83.05 -0.0438

Middle 109.02 Middle 90.145 -0.0207

Older 110.96 -0.6924 Older 89.583 -0.7268

R_NE Young 107.11 -1.3144 R_NE Young 85.361 -1.0418

Middle 109.41 -0.9884 Middle 88.911 -0.8309

Older 114.56 -0.8749 Older 73.431

H
ig

h 
ba

nd
 p

w
r

L_SPL Young 4.76E+09 5.03E+07

M
id

 b
an

d 
pw

r

L_SPL Young 2.56E+09 2.21E+07

Middle 2.35E+10 Middle 8.82E+09

Older 1.09E+09 6.59E+08 -2.09E+07 Older 2.36E+08 4.76E+08 -1.66E+07

R_SPL Young 6.39E+09 6.29E+07 R_SPL Young 3.41E+09 2.97E+07

Middle 3.15E+10 Middle 1.29E+10

Older 2.61E+09 1.07E+09 -3.61E+07 Older 8.79E+08 7.47E+08 -2.67E+07

L_NE Young 1.40E+10 1.12E+08 L_NE Young 5.83E+09 5.92E+07

Middle 4.67E+10 Middle 1.93E+10

Older 6.29E+09 1.43E+09 -4.13E+07 Older 2.47E+09 8.61E+08 -2.67E+07

R_NE Young 9.70E+09 3.46E+09 R_NE Young 1.58E+09 2.17E+09

Middle 6.60E+10 Middle 2.10E+10 4.65E+07

Older 8.85E+09 1.73E+09 -4.57E+07 Older 3.57E+09 9.82E+08 -2.78E+07

Note: Typically, power in the mid and low frequency band increases (Hägg 1992) while power in the high frequency band decreases (Hägg 1992) and 
the upper frequency limit (Gamet 1989), mean (Hägg 1992; McLean 1997), and median frequencies shift downward (Moritani 1982; Gamet 
1989)with fatigue onset.  The change in each measure over time (assumably as a result of fatigue development in this experiment) is modelled by the 
coefficient of the time term in the regression equation.  The results from this experiment are consistent with those found in the fatigue literature with 
downward shifts in the mean frequency and median frequency, and an increase in the power in the mid band.  However, in contrast to the results 
reported in the literature, the results from this experiment indicated that if there was a change in the power in the high band the change in power 
increased with fatigue.  The changes in the upper frequency limit and the power in the low and tremor bands appeared not to be sensitive to fatigue 
development from this low force, static exertion.
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H
ig

he
st

_f
re

q

L_SPL Young 96.57

lo
w

 b
an

d 
pw

r

L_SPL Young 3.66E+07 5.52E+05

Middle 102.61 Middle 1.94E+08

Older 111.56 Older 1.94E+08

R_SPL Young 110.13 R_SPL Young 2.30E+08

Middle 97.50 Middle 2.23E+08 6.88E+06

Older 117.83 Older 1.72E+08 1.01E+07

L_NE Young 111.96 L_NE Young 1.86E+08 1.09E+06

Middle 113.06 Middle 3.46E+08 429440

Older 124.91 -0.4026 Older 2.20E+08 1.17E+07

R_NE Young 111.15 -0.4234 R_NE Young 2.66E+08 1.37E+06

Middle 111.59 Middle 4.03E+08 1.10E+07

Older 129.84 -0.9515 Older 2.70E+08 1.32E+07

tre
m

or
 b

an
d 

pw
r

L_SPL Young 5.89E+06 12606

Middle 2.03E+07

Older 1.49E+07

R_SPL Young 2.20E+07

Middle 3.21E+07

Older 2.34E+07

L_NE Young 3.05E+07

Middle 4.64E+07

Older 3.11E+07

R_NE Young 4.24E+07

Middle 6.06E+07

Older 3.88E+07

Table 47: Regression Coefficients from Backward Regressions on EMG Frequency 
Domain Measures during Fatigue Development By Group

EM
G

 M
ea

su
re

Muscle Grp Intercept time time2

EM
G

 M
ea

su
re

Muscle Group Intercept time time2

Note: Typically, power in the mid and low frequency band increases (Hägg 1992) while power in the high frequency band decreases (Hägg 1992) and 
the upper frequency limit (Gamet 1989), mean (Hägg 1992; McLean 1997), and median frequencies shift downward (Moritani 1982; Gamet 
1989)with fatigue onset.  The change in each measure over time (assumably as a result of fatigue development in this experiment) is modelled by the 
coefficient of the time term in the regression equation.  The results from this experiment are consistent with those found in the fatigue literature with 
downward shifts in the mean frequency and median frequency, and an increase in the power in the mid band.  However, in contrast to the results 
reported in the literature, the results from this experiment indicated that if there was a change in the power in the high band the change in power 
increased with fatigue.  The changes in the upper frequency limit and the power in the low and tremor bands appeared not to be sensitive to fatigue 
development from this low force, static exertion.
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8.2.6  Effect of Age Group on EMG Measures during Fatigue Recovery

This analysis tested the hypothesis that older subjects� EMG levels will return to pre-

fatigued levels more slowly than younger subjects� during the submaximal test contraction

(i.e., during the initial 30 minute recovery period following the fatiguing exertion).   Since

EMG signals are inherently stochastic, a signal was defined as having recovered at the

first time point in a series of three consecutive points where in each of the three points was

within a ten percent tolerance range of the pre-fatigued level.  The average times to recov-

ery  (if it occurred) for the three time domain measures of the EMG signal are summarized

in Table 48.   The average time to recovery for the four frequency domain measures of the

EMG signal that were found to be sensitive to fatigue development (Section 8.2.4) are

summarized in Table 49.   Two of the four frequency domain measures (power in the low

and tremor bands) were not statistically assessed, because only one subject returned to

pre-fatigued levels during the thirty minute recovery period.   The five measures of fatigue

(three time domain and two frequency domain) were evaluated using a t test.  The t test

was used to compare the difference in average time to recovery for each muscle and each

measure between age groups.  The differences between groups are also summarized in

Table 48 and Table 49.   
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Table 48: Average Time  to ‘Steady State’ After Recovery Point for Time Domain 
EMG Measures

Measure Age 
Group

Muscle

LSPL RSPL LNE RNE

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Number of Zero Crossings

Young 27.6 A 23.4 A 18 AB 24 A

Middle 18.6 A 16.2 A 12.6 A       18 A

Older 23.4 A 18.9 A 25.5 B 19.5 A

Change in Signal Amplitude***

Young 30 30 27 A 28.8

Middle 30 24 18 B 28.8

Older 30 30 27 A 30 

NIEMG***

Young 30 30 27 A 28.8

Middle 30 24 18 B 28.8

Older 30 30 27 A 30 

  * the comparison between the middle and the older aged groups was significantly different, 
p=0.08.

** the comparison between the middle group and the younger and older aged groups was 
significantly different, p=0.10.

*** statistical analysis was not performed on these measures because the average time to steady 
state was not reached in the thirty minutes recovery period in many instances.

Note: a time of 30 minutes indicates that the average of the subjects for a given measure had not 
returned to prefatigue levels within the thirty minutes sampled.
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Table 49: Average Time to ‘Steady State’ After Recovery Point for Frequency 
Domain EMG Measures

Measure Age 
Group

Muscle

LSPL RSPL LNE RNE

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Time 
(min)

G
ro

up
in

g

Mean Frequency

Young 25.8 A 21.6 A 16.8 A 13.8 A

Middle 19.2 A 19.8 A 14.4 A 21 A

Older 23.4 A 20.4 A 20.4 A 24.9 A

Median Frequency

Young 18.6 A 25.8 A 7.8 A 16.8 A

Middle 18 A 23.4 A 14.4 A 19.8 A

Older 28.5 A 20.4 A 18 A 12 A

Power in the Low Band **

Young 30 30 26.4 18

Middle 30 30 18 18

Older 30 30 30 30 

Power in the Tremor Band **

Young 30 30 30 30

Middle 30 30 30 30

Older 30 30 25.5 30

* the comparison between the younger and the middle aged groups was significantly different, p=0.04.
** where group averages were <30 minutes and only 1 person reached steady state during the recovery 
period for this measure, so this data set was not statistically evaluated
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8.3  Discussion

8.3.1  Maximum Force Generation Capability

The analysis of the change in maximum force generation capability data including data

from all age groups indicated the measure was insensitive to fatigue.  This finding con-

flicted with published fatigue research (Bigland-Ritchie et al., 1981; Bigland-Ritchie et

al., 1992; Bigland-Ritchie et al., 1986; Currier, 1969; Gamet and Maton, 1989; Sjøgaard et

al., 1986).  Plots of the data by age group indicated that the measure was sensitive to

fatigue with different responses between groups.   There was a significant difference

between the change in maximum force generating capability for the young and older

groups after the fatiguing exertion.  The young group and three quarters of the middle

aged group exhibited decreased force generation capability which is in concert with the

published responses in fatigue research (Bigland-Ritchie et al., 1981; Bigland-Ritchie et

al., 1992; Bigland-Ritchie et al., 1986; Currier, 1969; Gamet and Maton, 1989; Sjøgaard et

al., 1986). However, for one of the subjects in the middle aged group and all of the sub-

jects in the older group, maximum exertion force increased after the fatiguing exertion.

Further, more focused testing is necessary to determine if older individuals are at greater

risk for injury when fatigued due to a lack of proprioceptive feedback.

There was no significant difference between age groups in maximum force genera-

tion capability after the thirty minute recovery period; however, there was a significant

difference between the young and older age groups when the data was evaluated as per-

centage change in force generating capability.

8.3.2  Discomfort

The analysis of the change in discomfort data including data from all age groups indicated

the measure was sensitive to fatigue.  For the neck, the older subjects reported signifi-

cantly less increase in discomfort than the subjects in both the middle and younger groups.

For the upper back,  the difference between the older and younger groups was significant.

For the shoulders, the difference between the older and younger groups was nearly signif-

icant.  For the mid back, there was no significant difference between the groups.  How-

ever, the average reporting of discomfort after the fatiguing exertion increased with age
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for each body part assessed.  One of the older subjects suggested that the subjects in the

older group were more used to pain.  The subject stated that �by the time you are his age,

you wake up in pain� and a little neck discomfort just doesn�t affect older people.

During the thirty minute recovery period, the older group reached steady state

faster than the middle and younger groups for the neck, shoulders, and mid-back.  For the

upper-back, the older and middle groups reached steady state after twelve minute while

the younger group did not reach steady state within the initial (thirty minute) recovery

period.  The faster recovery rate for the older group may have been associated with the

decreased reporting of discomfort and apparent tolerance for pain.

8.3.3  Time to Fatigue

There was no significant difference in the average time to fatigue between age groups.

However, plots of the data indicate that the lack of difference between age groups may be

due to large variability and small sample sizes.  The plots also indicated that a quarter of

the subjects could be considered fatigue resistant.  If the plot is assessed excluding the

fatigue resistant subjects, the subjects� time to fatigue decreased with increased age.

8.3.4  EMG

An initial assessment of the ten EMG measures indicated that seven were sensitive to

fatigue from the low force exertion regardless of age group.  All of the time domain mea-

sures were sensitive to fatigue: NIEMG, average amplitude, and number of zero crossings.

Four of the seven frequency domain measures were sensitive to the low force fatigue:

mean frequency, median frequency, highbandpwr, and midbandpwr.  When the EMG

measures were assessed by group using the time coefficients of a backward regression, the

EMG measures inconsistently indicated change with time.  Often a measure with time

coefficients for the young and older groups would not have a time coefficient for the mid-

dle aged group.  This may help explain the difficulty researchers have had identifying low

force fatigue with small numbers of subjects in studies which physiologic fatigue was not

reached.

For the regressions for the time domain measures NIEMG and Amp_chg, the

EMG values increase faster for the younger age group.  For the regressions for the
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Zero_xings measure, the coefficient of time was more negative with the  younger age

group indicating that the number of zero crossings decreased more rapidly for younger age

group for the majority of the muscles.  There was a significant difference between the

young group and the middle and older age groups, for all muscles.  The difference

between middle and older groups was significant for only one muscle.

For the mean frequency measure, the backward regression coefficients generally

included time and in some cases time2 components.  For a couple of muscles, only inter-

cepts were included for the regressions for the middle aged group.  Similar to the findings

in fatigue literature (Arendt-Nielsen et al., 1989; Hägg, 1992; McLean and Rickars, 1997),

the negative slope coefficient indicated that the mean frequency decreased with time and

fatigue onset.  That is not to say that all fatigue investigations have reported decreases in

the mean frequency with fatigue onset.  The lack of change in the mean frequency in this

experiment for the middle age group has also been documented during low force exertions

(Öberg et al., 1994). The slope coefficients for L_SPL and R_SPL were more negative for

the older group compared to the younger group.  This indicates that the mean frequency

measure decreased more rapidly for the older group for the SPLs.  However, the opposite

trend was found for the L_NE and R_NE.  The coefficients for L_NE and R_NE were

more negative for the younger group compared to the older group.  Thus, the mean fre-

quency measure decreased more rapidly for the younger group for the NEs than for the

older group.

For the median frequency measure, the backward regression coefficients included

negative time or time2 components.  The general decrease in median frequency is consis-

tent with the fatigue literature review (Gamet and Maton, 1989; Moritani et al., 1993;

Moritani et al., 1982).  However, there were no time or time2 components for the older

aged group for the right SPL and NE.  The coefficients for L_SPL and R_SPL were more

negative for the younger group compared to the older group.  This indicates that the

median frequency measure decreased more rapidly for the younger group for the SPLs.

The changes in the NE coefficients for time and time2 coefficients were not clear cut.

Although the R_NE had no time and time2 components, the L_NE time coefficient was



177

negative.  The time and time2 coefficients for the young and middle group were negative,

with the young group�s median frequency dropping faster than the middle aged group.  

For the Highbandpwr and the Midbandpwr measures, the pattern of regression

coefficients was similar.  The regression coefficients for the older aged group consistently

included time and time2 components.  The regression coefficients for the middle aged

group included only an intercept, except for the R_NE.  The regression coefficients for the

younger aged group included time2 components for the SPL and L_NE and a time compo-

nent for the R_NE.  

For the young group, the Highbandpwr and Midbandpwr measures� regression

coefficients were positive, indicating increasing amounts of power in the 100 to 140 Hz

range and 50 to 100 Hz range with time.  This may be a result of an overall increase in

power in the signal.  Typically, power in the mid and low frequency bands increases

(Hägg, 1992) while power in the high frequency band decreases (Hägg, 1992).  For the

older group, the Highbandpwr and Midbandpwr measures� regression coefficients for time

were positive and for time2 were negative. This indicates an increase in power in these

ranges with time, but a decrease in the rate of increase with time (an asymptotic increase).

Except for the R_NE for the midbandpwr, there were no changes in power for the middle

aged group in the high or mid-band frequency ranges with time.

Two frequency domain measures, Tremorbandpwr and Highest_freq, were not

consistently affected by time as indicated by the backward regression coefficients.  The

backward regression for the Tremorbandpwr measure included only an intercept for

eleven of the twelve regressions performed.  The backward regression for the

Highest_freq measure included coefficients for time components for only three of twelve

regressions.  Only one of the regressions using the Highest_freq measure was different

enough to create a statistically significant difference between age groups.  Previously,

Gamet and Maton (1989) found the upper frequency limit shifted downward with fatigue

onset. 

Similar to the Highest_freq, the lowbandpwr does not appear to be a strong mea-

sure for identifying differences between age groups for differences in fatigue development

during a low force static exertion.  Although, the backward regression for the lowbandpwr
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measure included coefficients for time components for nine of twelve regressions,  only

one of the regressions was different enough to create a statistically significant difference

between age groups.

 The results from this experiment are consistent with those found in the fatigue lit-

erature, with downward shifts in the mean frequency and median frequency, and increased

power in the mid-band.  However, in contrast to the results reported in the literature, the

results from this experiment indicated that if there was a change in the power in the high

band the change in power increased with fatigue.  The changes in the upper frequency

limit and the power in the tremor bands in this experiment appeared not to be sensitive to

fatigue development from this low force, static exertion.

During the thirty minute recovery period, the results of the between group compar-

isons indicate that there were very few differences between the time and frequency

domain measures calculated.  Using the median frequency measure, the younger group

recovered significantly faster than the middle aged group, for the LNE.   Using the number

of zero crossings measure, the middle aged group recovered significantly faster than the

older group, for the LNE.  Statistical analysis was not performed for the signal amplitude

and the NIEMG measures because the average time to steady state was not reached in the

thirty minutes recovery period in many instances.  However, in most instances, the middle

aged group recovered faster than the younger and older groups for the time domain mea-

sures.  There were no similar trends for frequency domain parameters.

The thirty minute recovery time period during which data was collected represents

the initial recovery phase following a low force fatiguing exertion.  Low force fatiguing

exertions are associated with extended recovery periods (Bystrom & Sjogaard, 1991) as

indicated by changes in venous effluent plasma potassium concentration after exhaustive

contractions of static handgrip.  The slow return to steady state summarized in Table 49

contrast with the EMG spectral parameters recover rapidly upon cessation of exertion

reported by Wiker et al. (1989).

8.3.5  Comparison of Expected and Actual Trends of Dependent Measures

The trends associated with each measures� sensitivity to fatigue development is summa-

rized in Table 50.
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8.3.5.1  Discomfort

As expected, post-fatigue ratings of discomfort were significantly greater than pre-fatigue

ratings, for each body part assessed.  Interestingly, on average, the increased discomfort

reported was greater with decreased age group.  For the neck discomfort ratings, the older

group�s reporting of increased discomfort was significantly lower (P=0.05) than the

younger and middle aged groups�.  For the shoulder, mid, and upper back, there were no

significant differences between ratings at the alpha=0.05 significance level.

8.3.5.2  Maximum Force

The maximum force (MF) generation capability was expected to decrease after the fatigu-

ing exertion for all subjects, with the largest percentage decrement expected for the older

age group.  Although there was a statistically significant interaction between age and force

decrement and a significant difference between the young and older groups, the greatest

decrement was not associated with the older age group.  Instead the maximum force

exerted by the subjects in the older aged group increased.  There was no statistically sig-

nificant difference between the middle group�s and the young and older group�s force dec-

rement.

8.3.5.3  Time to fatigue

Time to fatigue was expected to decrease with increased age; however, the statistical anal-

ysis indicated that the time to fatigue was not affected by age group.  An evaluation of the

data plotted for each group indicated that there might be a distinction between subjects

within each group based on fatigue resistance.  Two older and two middle-aged subjects

who did not reach fatigue in thirty minutes are here characterized as �fatigue resistant.�

The subjects who would not be characterized as fatigue resistant exhibited the expected

decreasing time to fatigue with increased age group.

8.3.5.4  EMG data

The EMG time domain measures, Amplitude change, NIEMG, and zero crossings, were

sensitive to fatigue regardless of age groups.  The trends associated with these measures
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followed the expected trends and were consistent across age groups.  
Four of the seven EMG Frequency domain measures, Mean Frequency, Median

Frequency, Highbandpwr, and Midbandpwr, were sensitive to fatigue for the majority of

the muscles sampled.  Three of the four sensitive measures behaved as expected; however,

the highbandpwr increased with time (i.e. fatigue) when it was expected to decrease. 

Table 50: Trends Associated with Dependent Measures

Measure Sensitive to Fatigue
(across age groups)

Group Response

Young Middle Older

Discomfort Expected: increase 
Actual: significant increased
for each body part assessed

increase increase increase

Note: increased discomfort reported was greater with
decreased age group

Max Force Expected: decrease
Actual: no significant change

decrease increase

Time to Fatigue Expected: decrease with age
Actual: no significant difference between groups
Note: Evaluation of plot indicates some subjects may be 
�fatigue resistant�. Remaining subjects exhibited expected 
decrease in time to fatigue with increased age.

EMG - Time Domain

Amplitude 
Change

4/4*
Expected: increase
Actual: increase

4/4**
Actual: increase

4/4
Actual: increase

NIEMG 4/4
Expected: increase
Actual: increase

4/4
Actual: increase

4/4 
Actual: increase

Zero Crossings 4/4
Expected: increase
Actual: decrease

4/4 
Actual: decrease

2/4 
Actual: decrease

4/4 
Actual: decrease

EMG - Frequency Domain

Mean Fre-
quency

4/4
Expected: decrease
Actual: decrease

4/4 
Actual: decrease

2/4
Actual: decrease

4/4
Actual: decrease

Bold indicates measure is sensitive to low force fatigue
Italics indicates that the trends associated with the actual data did not match the expectation or that the trends in the actual data was different for 
different groups
  * ratio indicates the number of muscles for which the measure was sensitive (p<0.05) using the t test to identify EMG measures that were sensi-
tive to fatigue across groups 
** ratio indicates the number of muscles for which there was a slope coefficient for the backward regression to identify EMG measures that were
sensitive to fatigue between groups
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Median Fre-
quency

3/4
Expected: decrease
Actual: decrease

3/4 
Actual: decrease

1/4 
Actual: decrease

2/4 
Actual: decrease

Highbandpwr 3/4 
Expected: decrease
Actual: increase

1/4 
Actual:
increase

2/4 
Actual: increase

Midbandpwr 3/4 
Expected: increase
Actual: increase

1/4 
Actual: increase

2/4 
Actual: increase

Lowbandpwr Expected: increase
Actual: no change

2/4 
Actual: increase

4/4 
Actual: increase

Tremorbandpwr Expected: increase
Actual: no change

Highest Freq Expected: decrease
Actual: no change

1/4 
Actual: decrease

2/4 
Actual: decrease

Table 50: Trends Associated with Dependent Measures

Measure Sensitive to Fatigue
(across age groups)

Group Response

Young Middle Older

Bold indicates measure is sensitive to low force fatigue
Italics indicates that the trends associated with the actual data did not match the expectation or that the trends in the actual data was different for 
different groups
  * ratio indicates the number of muscles for which the measure was sensitive (p<0.05) using the t test to identify EMG measures that were sensi-
tive to fatigue across groups 
** ratio indicates the number of muscles for which there was a slope coefficient for the backward regression to identify EMG measures that were
sensitive to fatigue between groups
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8.4  Limitations

Limitations of this study include the limited number of subjects, recruitment of subjects

through personal contact rather than formal advertisements to participate in the experi-

ment, exclusion of subjects for limiting conditions regarding their health history, and the

potential age effect on the discrepancies between MVCs and true MVCs.  Restrictions on

health conditions limited the number of potential subjects in the older age group more than

in the middle and younger age groups.  By limiting the population from which the older

subjects were drawn, these subjects may not adequately represent the older population.

Therefore, these results may over estimate the capability of the older age group.  Discrep-

ancies between MVCs and true MVCs may not have been age independent.  This interac-

tion between MVC discrepancy and age may have skewed some results by deflating the

level of sub-MVCs performed.  However, all subjects were equally trained in performing

MVCs.  Subjects were also required to practice MVCs until they were able to repeatably

achieve a force within 10% of the force attained in the previous MVC.  All subjects

exerted forces during MVCs during the testing session within 10% of the force exerted

during the practice session.  All subjects verbally confirmed they were exerting their max-

imum.

8.5  Conclusions and Recommendations

Four measures (maximum force generation capability, subjective reports of dis-

comfort, time to fatigue, and EMG) were employed in this experiment to detect and mea-

sure fatigue from a low force, static exertion. This experiment was performed with

subjects from three age groups to evaluate the effect of age on the development of and

recovery from fatigue from a low force, static exertion. The experiment focused on the

neck, specifically the neck extensors and the splenius, since these muscle are used in tasks,

such as computer use and reading, that may be increasingly performed by individuals as

they age.  These tasks require low force, static exertions of the neck extensor and splenius

muscles.  

To determine if age affects fatigue onset and recovery from a low force exertion,

measures capable of detecting fatigue need to be identified.  By analyzing the fatigue data
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using multiple techniques described in literature in which fatigue had been studied under

other conditions, several techniques were found to be sensitive to low force, static fatigu-

ing exertions including: force generation capability, subjective reports of discomfort, and

several EMG measures.  The EMG measures that were sensitive to fatigue as a result of a

low force, static exertion were: the normalized integrated EMG levels  (NIEMG), the

amplitude of the EMG signal, the number of zero crossings, the power in the high (100 to

140) frequency range, the power in the mid (50 to 100) frequency range, the mean fre-

quency, and the median frequency.

This experiment was designed to test the following hypotheses:

1)  With increased age, the time to fatigue onset decreases in neck muscles during 

low force exertions (e.g.: Older subjects will not be able to maintain the sub-

maximal exertions as long as the younger subjects).  

2)  Older subjects� EMG levels will return to pre-fatigued levels more slowly than 

younger subjects� during the submaximal test contraction (i.e., during an initial 

30 minute recovery period following the fatiguing exertion).  

3)  Older subjects will recover a smaller percentage of their maximum strength 

than younger subjects after an initial 30 minute recovery period.

 Age was found to have an effect on fatigue development and recovery.  The effect

of age varied between measures.  

The effect of age group on MVC after fatigue was significant.  The older age

group and one subject from the middle age group exerted more force during an MVC after

fatigue than before fatigue. The younger and middle age groups exerted less force after

fatigue than before fatigue.  The effect of age group on force generation capability after

recovery was not significant.  

There were significant differences in discomfort after the fatiguing exertion

between the young and older aged groups for the neck, shoulders, and upper back.  The

younger aged group reported more discomfort when fatigued and reached �steady state�

slower than the older group.  The older aged group  reached �steady state� in 6 to 12 min-

utes while the middle and younger groups took two to three times as long.  
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There was no statistically significant difference in the time to fatigue between age

groups.  For a certain portion of two of the groups, subjects did not reach fatigue in thirty

minutes and could be characterized as �fatigue resistant�.  The remaining subjects� time to

fatigue  decreased with increased age group.

The changes in EMG data measures varied between muscles and age groups.  

The three time domain measures were sensitive to fatigue and age group differ-

ences.  In general, the NIEMG and Amp_chg increased faster for the younger age group

compared with the older, and the Zero_xings decreased more rapidly for younger age

group for the L_SPL and the NEs.  

As for frequency domain measures, the Highbandpwr and the Midbandpwr mea-

sures identified significant differences between the older group and the young and middle

age groups for all four muscles. For the young group, the power in the 100 to 140 Hz

range and 50 to 100 Hz range increased with time.  The power in these ranges also

increased with time for the middle and older group, however there was a decrease in the

rate of increase with time (an asymptotic increase).  

For the Mean_freq measure for the right SPL and NE, the regression coefficients

included at least time coefficients for the younger and older groups, but only intercepts for

the middle aged group. The Mean_freq measure decreased more rapidly for the older

group for the SPLs.  However, the Mean_freq measure decreased more rapidly for the

younger group for the NEs.

The Med_freq measure identified significant differences between the young and

middle age groups for all muscles.   The Med_freq measure identified significant differ-

ences between the young and older groups for the  left muscles; and differences between

the middle and older groups for three of four muscles.  The Med_freq measure decreased

more rapidly for the younger group for the SPLs compared to the older.  The changes in

the NE coefficients for time and time2 components were not clear-cut. 

Although  observations that the median and mean frequencies generally decreased

with time and the power in the high and mid-bands increased seem contradictory, this is a

result of the increase in total power with time.  The increase in total power with time is

evident in the increase in amplitude and NIEMG values with time.  
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There were only a few EMG measures that identified statistically significant dif-

ferences in the time to recovery between age groups.  The time to recovery across mea-

sures, for which significant differences were found, inconsistently identified which group

recovered first and the times at which they recovered.  These inconsistancies may reflect

sensitivity to different stages of fatigue recovery or age related differences in the fatigue

mechanisms (such as excitation coupling, lactic acid build up, decreases in potassium lev-

els); however, identifying the source of the differences is beyond the scope of this disser-

tation.  Therefore, definitive differences in recovery between groups could not be

identified using the seven EMG measures evaluated. 

Based on the results of this experiment, it was found that:

� for research investigating low force, static exertions there are several 
quantitative measures for identifying fatigue development;

� older subjects exhibit some different fatigue response patterns com-
pared with younger subjects;

� when comparing groups based on age, results and interpretations of 
effects due to age, may be directly be influenced by the choice of 
dependant measure;

� some subjects regardless of age may exhibit fatigue resistant character-
istics; and

� there was an interaction between the measure used to assess recovery 
rate and age group.
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9.  Joint Time Frequency Analysis
The previous chapter presented traditional methods of EMG analysis for assessing

changes in the EMG over time as a result of fatigue onset and recovery.  In this chapter, a

signal processing method commonly used for analyzing time-variant signals will be

applied to the analysis of the EMG signals collected during the fatigue and aging experi-

ment. 

Joint time-frequency analysis, JTFA, has been successfully applied to time variant

signal analysis including speech synthesis, modeling ECG data, and handling telecommu-

nication data.  These signals all have distinct variability in the time domain.  JTFA pro-

duces evidence of the conceptually understood changes in the frequency domain with

time.  The question remains: will EMG signals vary significantly enough to benefit from

JTFA and highlight new aspects or changes in the EMG signals.  This exploration will test

the hypothesis that EMG analysis will benefit from JTFA.  To explore the areas of EMG

that may benefit from JTFA, several types of EMG data will be assessed using the JTFA

approach.  The EMG data sets will include muscle activity sampled during a static exer-

tion, a dynamic exertion, a transition from muscle at rest to activation, and a transition

from activation to rest. 

Another benefit of using the JTFA approach to signal analysis is the opportunity to

forgo the requirement of assuming EMG data sets are stationary.  Data sets analyzed using

the FFT are assumed to be stationary.  However, non-stationary signals can be assessed

using JTFA methods with transformations that do not require the assumption of signal sta-

tionarity.  Such transformations include the Heisenberg's uncertainty relation and ellipse,

Short Time Fourier Transformation (STFT), Gabor Expansion, Wigner-Ville Distribution,

Time Frequency Distribution Series, and Cohen's class of distributions. Again, which

transformation to be employed would be a function of the sEMG signal characteristics.

These transformations can be grouped into linear and quadratic forms.  Signals trans-

formed using a linear transformation can be reconstructed (i.e. they are invertible) and are

therefore suitable for signal processing such as time-varying filtering.  Quadratic transfor-

mations are not invertible.  However, a quadratic transformation may better represent the

energy distribution of the signal as a function of time.  
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9.1  The JTFA Analyzer Interface

JTFA Analyzer was designed by National Instruments for demonstration purposes and is

effective in demonstrating the capability and limitations of the JFTA approach for EMG

analysis and the utility of different transformations.  The JTFA Analyzer is comprised of

three  general areas (see Figure 34): (1) the signal representation, (2) the signal collection

and processing characteristics, (3) the display characteristics and (4) the file saving.  

The signal representation area includes a plot of the signal in the time domain (1c), a plot

of the classic power spectrum (1b), and a plot of the time-dependent spectrum or spectro-

gram (1a).  The signal collection and processing characteristics (2) include: the range of

frequencies to be displayed (max range: 0 to fs/2), a pre-Emphasis filter to suppress DC

components, the time parameters allowing a portion of the signal to be processed, the type

of quadratic JTFA algorithm used in processing the signal, and the type of window used

by the quadratic JTFA algorithm.

9.2  Static Exertion

The data for the third experiment presented in this research, in which the effect of age on

fatigue development was investigated, was collected at a sampling rate of 1024Hz for

twenty seconds every thirty seconds until the subject fatigued.  The subject was perform-

ing a static exertion at 5% of MVC with his/her head and neck.  The bilateral primary neck

Figure 34: JTFA Analyzer Interface

(1a) (2)

(3) (4)

(1a) (1b)

(1c)

spectrogram
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extensors were sampled.  The data sets presented below for JTFA analysis are the first and

last collections for S02, L_SPL.  During collection of the first data set, the subject had just

begun the experiment.  In the second data set, the subject was fatigued.  The data sets were

evaluated using National Instruments (Austin, TX) Joint Time Frequency Analyzer with

Short Time Fourier Transformation (STFT), Gabor, and pseudo Wigner-Ville transforma-

tion methods (see Figure 35).  
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Several things are important to notice when looking at the data sets and the effect of trans-

formation method.  First, no visible changes over time (such as changes in power concen-

tration in frequency bands) are noticeable within the spectrogram window of the JTFA

interface.  Second, the spectrograms generated using the Gabor and pseudo Wigner-Ville

transformations are crisper in the distinction between frequencies.  The STFT based spec-
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Figure 35: Effect of Transformation on S02 L_SPL EMG Signal
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trograms of both e1 and e35 appear fuzzy in contrast.  Third, the differences in the spec-

trums between e1 and e35 are a combination of increase in power in certain bands of

frequencies and decrease in power in the frequencies between the bands.

Since e1 and e35, representing the muscle activity of a muscle in an active, non-

fatigued and an active, fatigued state, are not visibly different (e.g., changes in power con-

centration in frequency bands), a second approach to employing the JTFA approach to

assessing data was tried.  The second approach was to  evaluate the changes in EMG from

a non-fatigued state to a fatigued state in one continuous signal.    Therefore, a second

EMG data set was collected while a pilot subject performed a low force, static exertion

with her head and neck.  Data was collected at 1024 Hz continuously until the subject

fatigued.  The resulting data set was 516 seconds long.  The data processed using STFT

and Gabor transformations in the JTFA Analyzer is presented in Figure 36.  
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Again, no visible changes are noticeable within the spectrogram window of the JTFA

interface.  The spectrograms generated using the STFT transformation are fuzzier than the

spectrograms generated using the Gabor transformations.  

Muscle Activity Analyzed with the Short Time Fourier Transformation (STFT)

Muscle Activity Analyzed with the Gabor Transformation

Figure 36: JTFA of Low Force, Static Exertion Held to Fatigue
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An evaluation of signal parameters similar to the calculation of the mean and median val-

ues for the FFT, would be a logical extension to the JTFA analysis if there were additional

benefits of the transformation choice on signal processing.  However, the signal measures

and physical meanings using the variety of transformations available in JTFA are not well

documented for processing EMG data.  For example, the data available from the Gabor

spectrogram includes negative numbers.  This makes interpretation of JTFA data, specifi-

cally Gabor spectrogram data, difficult since traditional measures of fatigue onset are

based on changes in signal energy.  It is difficult to rectify the interpretation of essentially

negative values for some points of the signal�s energy.  

These lack of visible changes indicated that the EMG signal collected during low

force, static exertions is approximately stationary and does not benefit from JTFA.  How-

ever, not all EMG data is collected during static exertions.  Electromyographic data col-

lected during dynamic exertions may benefit from JTFA.

9.3  Dynamic exertion

To evaluate the utility of JTFA when analyzing EMG data collected during dynamic exer-

tions, three data sets were collected.  The three data sets were collected while a pilot sub-

ject performed extensions of the right wrist.  The first data set captured the muscle starting

at rest and activating half way through the data collection (see Figure 37a).  The second

data set was collected when the muscle was activated and dropped to resting levels mid-

way through the collection (see  Figure 37b).  The third data set consists of a muscle acti-

vated cyclically (see Figure 38).  



193

Muscle Activation

Muscle Relaxation

Note the flat portion of the signal in the time presented in the plot of the signal in the time domain repre-
sents when the muscle is not active.

Figure 37: JTFA of Muscle Activation and Relaxation
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Muscle Activity Analyzed with the Short Time Fourier Transformation (STFT)

Muscle Activity Analyzed with the Gabor Transformation

Muscle Activity Analyzed with the Pseudo-Weigner-Ville Transformation

Figure 38: JTFA of a Series of Activations of a Single Muscle
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The EMG data collected during the dynamic exertions exhibited changes in the spectro-

gram that were not present in the analysis of the EMG data collected during the static

exertions.  The spectrogram depicts the changes in frequency content associated with mus-

cle activation.  The data processed from the cyclic exertion in Figure 38 depict slight vari-

ations in clarity between the spectrograms for the STFT and Gabor transformations.  The

spectrograms data also depict variations in the representation of the distribution of the

energy between the Gabor and pseudo Weigner-Ville transformations.

9.4  Conclusions and Recommendations

The strength of JTFA is the identification of rapid changes in a signal.  This

strength lends itself to analysis of EMG data collected during dynamic exertions.  There

appears to be limited utility in analyzing EMG data collected during low force, static exer-

tions using JTFA.  The identification of measures and physical explanations for measures

similar to the mean and median for the FFT would be interesting.  JTFA might also be use-

ful in investigating new aspects of the timing of muscle activation or coactivation during

dynamic tasks.
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10.  Conclusions
10.1  Research Summary

One purpose of ergonomics is to improve the way in which people perform their

daily work so that the demands of the task do not exceed the capabilities of the individual.

As tasks and the workforce change, new research is required to address the physical chal-

lenges people will face.   One of the changes taking place is the increase in the average age

of the workforce. The average age of the working population is increasing as the �baby

boomers� age.  New physical challenges associated with an aging workforce are brought

to the workplace as retirement is pushed off or new careers are started.  

The focus of this research was to provide information about the capabilities of the

older worker by exploring the impact of aging on muscle fatigue.  This research focused

on fatigue in postural muscles that may be used for extended periods of time while per-

forming tasks such as reading, writing, and VDT work, more sedentary types of tasks that

may be performed by older workers.  The investigation into aging and muscle fatigue

focused on fatigue as a result of low force exertion.  Many of the studies investigating

fatigue development sample muscles which are used for higher force (>30% MVC) exer-

tions.  However, this research was focused on the effects of semi-static tasks on the neck

musculature of older subjects, and the differences in effects between older subjects and

younger subjects.

Several problems in data collection arose when reviewing previous literature (in

which muscle fatigue was investigated and/or EMG data had been collected in the neck) in

developing the methods for the aging and fatigue study.  Those problems were:

� inconsistent placement of electrodes in the neck;

� inconsistent methods of normalization of EMG data collected in the neck;

� inconsistent data collection and signal processing methods were documented; and

� the techniques for identifying fatigue were identified under high force conditions.
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In order to address these problems, a series of experiments was crafted into a data

collection methodology that documented the method�s accuracy and appropriateness.  The

full series of experiments addressed or provided data to explore seven objectives:

1.  Develop a set of electrode placement locations that will afford consistent place-

ment of surface electrodes over the most superficial portions of the

neck musculature, based on an ultrasound study.

2.  Determine if the posture in which the normalization or maximum exertion is

performed has a significant impact on the sEMG data results.

3.  Recommend an appropriate signal collection parameter set based on signal pro-

cessing literature and muscle physiology.

4.  Determine if an ideal filter (joinesfilter.m) written in  MATLAB  removes more

noise but less of the original signal when compared to the commonly

used Butterworth filter.

5.  Investigate the use of  transformations that are more specific or focused, based

on signal characteristics such as non-stationarity of sEMG data, making

the analysis of the frequency domain data more responsive to subtle

changes in the sEMG signal.

6.  Investigate the use of the Joint Time-Frequency Analysis method on sEMG

data.

7.  Investigate the impact of age on fatigue development and recovery in muscles

during low force exertions. 

The first phase of the investigation was an ultrasound investigation designed to

mitigate some of the confusion surrounding electrode location in the neck.  Electrode loca-

tions, identified by a structured neck marking procedure which included palpation of the

muscles, were marked on each subjects� neck.  These locations were scanned using ultra-

sound while the subject was upright and with a flexed neck posture.  The ultrasound scans

were evaluated by measuring thickness of overlapping muscle, the gaps between muscles

providing �gaps of accessibility.� The location of the electrode placement then rated based

on their position over the �gap of accessibility.�  The semispinalis capitis was found to be

less accessible than previously reported, while the SPL was found to be easily locatable
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and had generally good but not predictable access.  Changes in neck posture did not result

in significant differences in accessibility of the semispinalis capitis or SPL.  No strict rules

could be outlined for EMG surface electrode placement based on the subjects� anthropo-

metric dimensions or sex.  The use of ultrasound technology was extremely useful in eval-

uating the underlying muscle arrangement of live subjects in positions typical of working

postures.  It allowed for evaluation of the electrode locations and surrounding areas.

However, the results did not indicate that using the technology would have identified bet-

ter locations for electrode placement.  On the contrary, the results indicated that, for this

group, most of the subjects did not have a gap of accessibility for the semispinalis capitis.

The results also indicated that the SPL was accessible and located for 50-70 percent of the

subjects.  Use of ultrasound for identifying electrode locations could be helpful in center-

ing the electrode pair for the SPL over the gap.

To investigate the effectiveness of an ideal filter (joinesfilter) compared with a

standard fourth order Butterworth filter, a set of simple and complex generated signals

were compared using four measures.  The joinesfilter was more consistent in the signal

reconstruction when comparing the original signal to signals to which small and large

amounts of noise were added.  Of the sixteen measures (four measures applied to four sig-

nals), the joinesfilter was closer to the original signal in nine instances and performed as

well as the Butterworth filter in another instance.  However it was noted that since the

joinesfilter is an ideal filter, it may be limited in some real world applications due to the

lack of roll-off characteristic.  The roll-off characteristic may be better suited to filtering

noise resulting from environmental interference.  However, based on the results of the

data tested, the joinesfilter appears to be a viable alternative to the Butterworth filter for

filtering sEMG data.
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Basic signal processing objectives were addressed by surveying current literature

and analyzing simulated data.  This analysis resulted in the following recommendations

for collecting raw EMG data:

� sampling rate: 1024 Hz (when using FFTs)
� high pass filter:<10 Hz 
� low pass filter:~500Hz

� sampling length:  
� dynamic tasks: long enough to sample an entire period of 

the signal typically corresponding an entire work cycle
� static exertion: 5 seconds if the experimenter is interested 

in non-global parameters (i.e. highest frequency with 1 
percent of power, power in high, mid and low frequency 
bands) or 2 seconds if for global parameter estimates (i.e. 
mean or median frequencies) of the frequency domain.

� handling noise:
� try to minimize environmental noise, otherwise use notch 

filters judiciously

The second experiment addressed normalization methods of EMG data collected

in the neck.  Each subject in this experiment performed submaximal and maximum exer-

tions in the upright and flexed neck posture.  The data from the submaximal exertions was

then normalized to data collected when the subject performing MVCs in both postures.

For data collected in a flexed neck posture during submaximal exertions, except for the

left SPL, there was a statistically significant difference between the neck sEMG data nor-

malized using the posture specific normalization method and the reference posture nor-

malization method.  Although normalizing data to a single upright posture makes running

an experiment less complicated for the experimenter and less taxing for the subject, based

on the results of this study, if sEMG data is normalized to data collected in a posture other

than the posture in which the task was performed, accuracy is being sacrificed for the sake

of convenience.

The third experiment addressed the effect of age on muscle fatigue during low

force exertions and on the recovery that occurs immediately afterwards.  A multi-modal

approach to fatigue detection was taken, and employed several non-invasive assessment

techniques: analysis of sEMG data in the time and frequency domains, changes in discom-
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fort levels, and changes in maximum force generating capability.  Based on the results of

this experiment, it was found that:

� for research investigating low force, static exertions there are several 

quantitative measures for identifying fatigue development (including 

subjective assessment of discomfort, changes in maximum force gener-

ation capability, increases in signal amplitude, increases in NIEMG, 

decreases in the number of zero crossings, decreases in mean and 

median frequency, and increases in high and mid-band power);

� older subjects exhibit some different response patterns compared with 

younger subjects during fatigue development (older subjects� maxi-

mum force generation capability increased when fatigued while 

younger subjects� force generation capability decreased; the NIEMG 

and amplitude increased more rapidly for the young compared to the 

older group, and the number of zero crossing decreased more rapidly 

for the young compared to the older group);

� during the recovery period, for subjective reports of discomfort, older 

subjects reached �steady state� faster than younger subjects;

� although there were some statistically significant differences between 

age groups for EMG measures during the recovery period, there was no 

overwhelming trend that indicated age group systematically affected 

the measures during the recovery phase;

� a response pattern existed in which older subjects exerted more force 

during an MVC when fatigued than before starting an exertion; and 

� some subjects, regardless of age, may exhibit fatigue resistant charac-

teristics.

Exploratory signal processing objectives were addressed by surveying current lit-

erature, and analyzing data collected during the third experiment and during pilot work.

JTFA of the data collected during static exertions did not reveal any interesting character-

istics of the signals that were not identifiable with the conventional assessment methods,

based on visual assessment of JTFA output from the National Instruments JTFA analyzer.



201

JTFA analysis of EMG data collected during dynamic exertions showed promise for the

utility of JTFA in analyzing data from dynamic exertions.  Restriction of interpretation of

JTFA is a function of the limited documentation of measures and physical correlations for

measures for Short Time Fourier Transformation, Gabor and other transformations similar

to the mean and median for the FFT.  

10.2  Suggestions for Future Research

Although a variety of methodological issues associated with collecting EMG data in the

neck were addressed in this research efforts,  the main goal of this research was to provide

information about the capabilities of the older worker by exploring the impact of aging on

muscle fatigue.   The response of  any individual will be unique; however, a group of indi-

viduals such as those grouped by age may share characteristics within their responses that

differ from another group.  The similarities within groups and differences between groups

provide information into task demands and product requirements.  Several differences in

fatigue measures between the young and older aged groups were found.  However, the

number of subjects evaluated was small and the applicability of a static exertion held until

fatigue has limited application in modeling the requirements of most occupational tasks.

Therefore, future research, with larger numbers of subjects, should be performed to more

closely reflect occupational tasks.  A prospective study tracking changes in an individual�s

muscle activation with age during standardized exertions would be an expensive, yet

informative project.  

The utility of JTFA applied to a variety of EMG investigations of the timing of

muscle activation or coactivation during dynamic tasks should be explored.  The identifi-

cation of measures such as shift in the mean or median values for the STFT and Gabor

transformations and the relevance to physiological changes should also be explored.
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Appendix I:  Summary of Measurements from Cadaver Evaluation

 Male Cadavers 
 Small Large 
General Anthropometry   
Height, in supine position  ~5� ~5�11.5� 
Head depth, bridge of nose to occiput 7 7/8� 8� 
Distance between mastoid processes 129.68 6.5� 
Head width at top of ear 6.25� 6.75� 
   
Distances and lengths   
Distance from C7-Occiput 115.2 99.85 
Top of ear to C7, right 6 5/8� 6.75� 
Top of ear to C7, left 6.5� 6 5/8� 
?  splenius to occiput 54.45 52.59 
Distance between edge of splenius @ Occiput 101.58 mm 118.3 mm 
Distance between edge of splenius @ C2 63.95 mm 62.56 mm 
Distance between edge of splenius @ C3 42.52 mm 49.14 mm 
Distance between edge of splenius @ C4 24.32 mm 15 mm 
Distance between edge of splenius @ C5 0 mm 0 mm 
Width of Splenius ?  to midline @ Occiput N.A. 50 mm 
Width of Splenius ?  to midline @ C2 N.A. 49.45 mm 
Width of Splenius ?  to midline @ C3 33.05 mm 48.77 mm 
Width of Splenius ?  to midline @ C4 33.89 mm 49.45 mm 
Width of Splenius ?  to midline @ C5 33.92 mm 46.04 mm 
   
Head Tilt and neck angle   
α: ear � eye angle ref to table 6deg 20 deg 

β: C7 � ear angle ref to table 130 deg 125 deg 
   
Fiber angle   
µ: left splenius 6 deg NA 
µ: right splenius 5 deg resected 7 deg resected 
θ: left cervical trap 25 deg NA 
θ: right cervical trap Removed NA 
   
Muscle Thickness   
Splenius, right .155 mm .46 mm 
Splenius, left .145 mm NA 
Semispinalius capitus, right .411 mm .648 mm 
Semispinalius capitus, left .621 mm NA 
   
   
   

Data collected by S. Joines 11/17/99   
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Small Cadaver 

Large Cadaver
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Appendix II:  Pilot Ultrasound Investigation
Overview

The purpose of this paper is to document the differences in results obtained using two types ultrasound 
equipment (HDI 5000 or Sonosite) and to document the utility of using ultrasound technology in the devel-
opment of a �best practice� for surface electrode location over muscles in the cervical spine.  The HDI 5000 
produced results that are bettered suited for dissertation, peer reviewed work.  The use of ultrasound technol-
ogy in evaluating electrode locations identified several issues that are in conflict with perceived muscle 
accessibility using current electrode location techniques.  This paper provides background information for 
current electrode location techniques, methods used in this pilot investigation, and conclusions drawn from 
these investigations.  

Background

The development of a �best practice� for surface electrode location for cervical spine muscles is the first part 
of my dissertation investigating muscle fatigue and aging.  In order to investigate muscle fatigue, surface 
electrodes are used to collect electromyographic data of muscle activity.  A review of studies collecting 
EMG data in the cervical spine revealed inconsistencies in locations and recommendations for surface elec-
trode placement in the cervical spine.  Traditionally surface electrodes are placed over a muscle using a 
combination of muscle palpation, manual resistance, or reference to bony landmarks.  This method may be 
insufficient in the neck region because of overlapping organization of the muscles.  The current knowledge 
base for the neck musculature is based on cross-sectional anatomy texts and cadaver studies.  Using ultra-
sound technology to supplement the traditional methods would: documentation of where the muscles over 
lap, identify openings of muscle accessibility, identify areas of reduced thickness of overlapping muscles, 
and locations of increased thickness of the muscle of interest.  This in vivo data collected in neutral or work-
ing postures will be compared with cadaver data that may have been effected by fluid loss, rigamortis, and 
extreme postures that are a function of long term storage.  

Pilot Study

Manual Location of Muscles

The electrode locations for the left and right Splenius and left and right primary neck extensors were identi-
fied on three pilot subjects using traditional muscle location techniques.  This requires palpation of the mus-
cles while the subject performs a series of resisted exertions.  The resisted exertions are performed to 
activate the muscle of interest and adjacent muscles to determine muscle locations, lines of action, and 
edges.  After the electrodes locations were identified, the electrode locations were marked on the subject 
using a temporary marker.  This location is referred to as E-LVL or electrode level.  

Ultrasound Session using the HDI 5000

During the ultrasound investigation with the HDI 5000, subjects were instructed to sit upright and rest their 
chin on a cushioned chin rest.  Breaks were provided as needed.  A minimum of three scans were taken for 
each muscle (see Table 1). For each muscle, the first scan was taken at E-LVL.  The second scan was taken 
1 cm inferior to E-LVL; the third was taken 1 cm superior to E-LVL.  
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Table 1: Location of Ultrasound Scans

Ultrasound Session using the SonoSite

Subjects were also evaluated using the SonoSite portable ultrasound unit.  The subjects assumed the same 
posture while the minimum twelve scans were performed using the SonoSite portable ultrasound equipment.
 
Data Quantification

When evaluating the electrode location for the left and right Splenius and left and right primary neck exten-
sors muscles, four measurements were recorded from printed copies of the scans.  First, the width of the dis-
tance between two superficial muscles over the muscle of interest, creating a gap for accessibility, was 
recorded.  Second, if no � gap� was present, the thickness of the muscle between the skin and the muscle of 
interest was recorded.  Third, the depth of the muscle of interest below the skin was recorded.  Finally, the 
thickness of the muscle of interest was recorded.
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Upright Posture

Splenius

+1 cm X X X

E-LVL X X X X X X

-1 cm X X X

Primary Neck Extensors

+2 cm X

+1 cm X X X

E-LVL X X X

-1 cm X X X

Flexed Neck Posture

Splenius

E-LVL X X

Primary Neck Extensors

E-LVL X X



217

In addition to the four measurements, an electrode location rating was evaluated based on where traditional 
methods would have placed the center of each pair of electrodes relative to the access gap for their muscle.  
The gap of accessibility was divided into three areas (see Figure 1).  Area A, the central third of the gap, was 
identified as the optimal location for maximizing distance to adjacent muscles.  Area C, the outer third of the 
gap, was identified as the least desirable location within the gap of accessibility.  Area B was the location 
between area A and C representing a good but not optimal location of the electrode over the gap of accessi-
bility.  

Figure 1: Rating of the Center of Electrode Pair Placement over the Gap of Accessibility

Summary of Findings for Data Collected using the HDI 5000

Gap of accessibility and rating of electrode location for the left and right Splenius

Scans confirm that for pilot subjects with their neck in an upright posture, the left and right Splenius elec-
trode locations, E-LVL, were positioned over sites where the left and right Splenius were superficial. Data 
for pilot subjects P01, P02 , and P03 are summarized in Appendix A.  In the flexed posture, these electrode 
locations (for P01 and P03) remained positioned over superficial sites of the left and right Splenius.  It is 
interesting to note that the width of gap of accessibility decreased in the flexed posture on the dominant side.  
Performing isometric exertions (P01) did not have a systematic impact on accessibility for the Splenius.  
The electrode locations for the left and right Splenius identified using traditional muscle location techniques 
for all subjects were located in the central third of the accessibility gap and received A ratings, except for 
one.  The left Splenius of P03 was rated as a B location. When the subjects (P01 and P03) were scanned in 
the flexed posture or were performing isometric exertions, the location ratings dropped from an A in the 
neutral posture to a C, except for one.  The left Splenius rating improved from a B in the neutral posture to 
an A in the flexed posture.  These changes in ratings of accessibility are a function of the changes in muscle 
proximity associated with body posture and muscle tension.   

Muscle Depth for the left and right Splenius

The depth of the Splenius ranged from .4 to 1.3 cm.  The left Splenius was deeper than the right at E-LVL 
for all subjects. The Splenius muscles of the male pilot subjects P02 and P03 were consistently deeper than 
that of the small framed female, P01.

Muscle Thickness for the left and right Splenius

The thickness of the left Splenius ranged from .5 to .9 cm and .3 to .7 cm for the right Splenius.  The Sple-
nius was thickest at E-LVL for P01. For P02, the left Splenius was thickest at �1cm below E-LVL while the 
right Splenius was thickest at E-LVL. For P03, the left Splenius was thickest at E-LVL while the right Sple-
nius was thickest at +1cm above E-LVL.
The information gained using the HDI 5000 ultrasound scans confirms that accessibility and thickness vary 
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with even a short location along the length of a muscle.  For example, one centimeter below E-LVL for the 
left Splenius of P02 provided a wider gap, increased muscle thickness over which to sample and decreased 
muscle depth when compared with the other locations sampled. 

Gap of accessibility and rating of electrode location for the left and right primary neck extensors 

There was no gap of accessibility for the left or right primary neck extensors for any of the pilot subjects.  
Therefore, rating the electrode location as described in the Data Quantification Section is not relevant.  
Instead, the amount of muscle tissue between the Primary neck extensors and the skin was measured in order 
to address the accessibility or level of interference of other muscles.
The thickness of muscle between the skin and muscle of interest for all subjects, at E-LVL, range from .2 to 
.3 cm on the left side and from .1 to .4 cm on the right side.  The thickness of interfering muscle did not sys-
tematically vary with side dominance, neck posture, performance of isometric exertions, or position relative 
to E-LVL (+1 and �1cm).  

Muscle Depth for the left and right primary neck extensors 

The depth of the primary neck extensors ranged from .5 to 1.2 cm.  Like the Splenius, the primary neck 
extensor muscles of the male pilot subjects, P02 and P03, were consistently deeper than that of the small 
framed female, P01.

Muscle Thickness for the left and right primary neck extensors 

The thickness of the primary neck extensor muscles range from .3 to .8 cm. Thickness in half of the scans for 
P02 and P03 was not measured due to the inability to identify the ventral edge of the muscle  when the scans 
were analyzed.  For P01 the primary neck extensors were thickest at E-LVL.

Summary of Findings for Data Collected using the SonoSite

Scans documenting the muscle relationships using the SonoSite were difficult to interpret during the analy-
sis phase of this pilot work.   Identification of the muscles during the scanning sessions was reasonably easy 
due to the real-time interaction between muscle activation and changes in the scans presented on the 
SonoSite monitor.  However, the scans, when used as stand alone pieces of data, were not compelling, given 
the level of training of the analyst.  Identification during this off-line analysis of the muscles would have 
been questionable.

Conclusions

The pilot work using the HDI 5000 provided good documentation of muscle depths, thickness�, gaps for 
accessibility, and proximity to other muscles. The real-time feedback of muscle activation made muscle 
identification during the scanning sessions easy.  The reliability of muscle identification during the analysis 
phase was strengthened due to the arrows and labels that were placed on the images during the scanning ses-
sion. The images created during the HDI 5000 sessions would be useful in later analysis, documentation, 
and discussions with members of the committee overseeing this research.
The pilot working using the SonoSite was useful in identifying gaps for accessibility or electrode locations 
during the scanning session.  The outcome of these sessions would be subjective data based on the real-time 
interpretation of the locations and relative muscle positions.
The accessibility results from this pilot work using of ultrasound technology in evaluating electrode loca-
tions conflicts with perceived muscle accessibility using current electrode location techniques.  These tech-
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niques are based on documented electrode location techniques, cross-sectional anatomy texts, and cadaver 
studies performed by the author during the Fall of 1999.  The conflict for the primary neck extensor is that 
the Trapezius has been documented as being primarily fascia at a level of C2-C3 and above.  In this ultra-
sound investigation, I found the Trapezius muscle to range in thickness from .1 to .5 cm over the primary 
neck extensors mitigating the gap for accessibility.  The accessibility of the Splenius has been documented 
as difficult to identify.  However, during this investigation the gap of accessibility for the Splenius was con-
sistently located.
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Appendix III:  Data for P01, P02, and P03 collected using HDI 5000 

P01 Relaxed ISO Exertion

(all measurements in cm) Neutral Flexed Neutral Flexed

E - LVL -1 cm +1 cm E - LVL E - LVL E - LVL

Left Splenius

Width of gap 2.0 1.9 1.8 2.0 1.8 1.9

Rating of electrode location 
within gap

A A A C

Thickness of muscle between 
skin and muscle of interest

0.0 0.0 0.0 0.0 0.0 0.0

Depth 0.3 0.4 0.4 0.3 0.5 0.4

Thickness 0.9 0.7 0.4 0.5 0.6 0.4

Right Splenius

Width of gap 2.7 1.5 2.3 1.7 2.6 2.1

Rating of electrode location 
within gap

A B B C

thickness of muscle between 
skin and muscle of interest

0.0 0.0 0.0 0.0 0.0 0.0

Depth 0.3 0.3 0.4 0.4 0.5 0.3

Thickness 0.3 0.3 0.2 0.3 0.3 0.3

Left Primary neck extensors 

Width of gap n n n n n

thickness of muscle between 
skin and muscle of interest

0.2 0.2 0.1 Not recorded 0.2 0.1

Depth 0.5 0.6 0.6 Not recorded 0.5 0.4

Thickness 0.6 0.6 0.2 Not recorded 0.6 0.5

Right Primary neck extensors 

Width of gap n n n n n n

thickness of muscle between 
skin and muscle of interest

0.1 0.1 0.1 0.2 0.1 0.2

Depth 0.5 0.5 0.5 0.6 0.4 0.5

Thickness 0.6 0.5 0.6 0.4 0.5 0.3
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P02 Relaxed

(all measurements in cm) Neutral

E - LVL -1 cm +1 cm +2 cm

Left Splenius

Width of gap 2.1 2.3 1.5

Rating of electrode location within gap A

thickness of muscle between skin and 
muscle of interest

0.0 0.0 0.0

Depth 0.7 0.6 0.8

Thickness 0.5 0.7 0.5

Right Splenius

Width of gap 2.4 1.2 2.3

Rating of electrode location within gap A

thickness of muscle between skin and 
muscle of interest

0.0 0.0 0.0

Depth 0.6 0.7 0.7

Thickness 0.7 0.6 0.6

Left Primary neck extensors 

Width of gap n n n n

thickness of muscle between skin and 
muscle of interest

0.2 0.5 0.3 0.2

Depth 1.0 1.3 1.2 1.1

Thickness 0.5 0.5 Not 
recorded

0.6

Right Primary neck extensors 

Width of gap n n n

thickness of muscle between skin and 
muscle of interest

0.4 0.3 0.2

Depth 1.2 1.1 1.0

Thickness 0.5 Not 
recorded

Not 
recorded
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P03 Relaxed

(all measurements in cm) Neutral Flexed

E - LVL -1 cm +1 cm E - LVL

Left Splenius

Width of gap 1.7 1.9 n 1.8

Rating of electrode location within gap B A

thickness of muscle between skin and 
muscle of interest

0.0 0.0 0.3 0.0

Depth 0.8 0.5 0.9 0.6

Thickness 0.7 0.7 0.2 0.6

Right Splenius

Width of gap 2.2 2.1 0.7 2.0

Rating of electrode location within gap A C

thickness of muscle between skin and 
muscle of interest

0.0 0.0 0.0 0.0

Depth 0.5 0.6 0.8 0.7

Thickness 0.7 0.6 1.3 0.6

Left Primary neck extensors 

Width of gap n n n n

thickness of muscle between skin and 
muscle of interest

0.3 0.3 0.3 0.3

Depth 1.0 0.9 0.8 0.9

Thickness ? 0.7 0.8 0.3

Right Primary neck extensors 

Width of gap n n n n

thickness of muscle between skin and 
muscle of interest

0.3 0.5 0.3 0.3

Depth 1.0 1.1 1.0 1.0

Thickness Not 
recorded

Not 
recorded

Not 
recorded

Not 
recorded
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Appendix IV:  MATLAB Code: joinesfilter for varible lengths
function [datafiltered,G] =joinesfiltervarlen(data_in,Num_of_chnl,notchfreq,lowfreq,high-

freq,len,freq,xbegin,xend)

%JOINESFILTERVARLEN Notch and Highpass filter processes 1 second of data

% Written by Sharon Joines

% Version 1.04       3/6/00 

% [datafiltered,G] =joinesfiltervarlen(data,notchfreq,lowfreq,highfreq,len,freq)

% 

% Inputs

%    data_in - a matrix of signal data 

%    Num_of_chnl - number of channels to be processed

%    notchfreq - the notch frequencies to be filtered along with 

%                the frequncy 1 below and above has its power

%                reduced by half

%    lowfreq - frequency below which will be filtered

%    highfreq - frequency above which upto 500Hz will be filtered

%    len - length of data file or duration of sample

%   freq -  frequency at which sample was collected

%   xbegin    -  beginning freq to be plotted

%    xend      -  last freq to be plotted

%

% Outputs

%  datafiltered - the filtered data

%

%  x=joinesfiltervarlen(x,[60 180],10,499);

%

xbegin=1;xend=550;

data_in=data_in-2048;    % assumes incoming data range os 0 - 4096 bits

for i=1:Num_of_chnl

   

data=data_in(:,i);

n=ceil((length(data)-1)/freq);  %   n    - number of seconds in data signal

N = n*freq/2; % number of samples in half of FFT

f = (0:N)*freq/2/N;

Np1 = floor(N)+1;

X = fft(data);

absX = abs(X(1:Np1,:)).^2; %changes in formula thanks to DK

%figure(i)

% subplot(2,1,1);plot(f,absX)

% xlabel('Frequency in Hz'), ylabel('Power in dB');

% v = axis;

% axis([xbegin,xend,v(3),v(4)]);

%mx=ones(size(data,1),1)*median(data); % This corrects for the DC offset

G = X; % use all  samples

snotchfreq=((notchfreq)/(freq/2/N))+1; % scaled location of notch frequency

slowfreq=((lowfreq)/(freq/2/N))+1; % scaled location of low frequency

shighfreq=((highfreq)/(freq/2/N))+1;% scaled location of high frequency

%***************************************************

%                     Filters 60, 0-10, and 180 Hz:

% 

G(snotchfreq,:)=0;

snotchfreq=snotchfreq+1;

G(snotchfreq,:)=-G(snotchfreq,:);

snotchfreq=snotchfreq+1;

G(snotchfreq,:)=0;

if ~isempty(slowfreq)

   slowfreq=1:slowfreq+1;
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end

if ~isempty(shighfreq)

   shighfreq=shighfreq+1:600;

end

   x=1;

   j=0;

   j=j+1;

%G(highfreq,:)=-G(highfreq,:); %This has been done to smooth the data

%***************************************************

% Transforming back to the time domain

%

absG = abs(G(1:Np1,:)).^2; %changes in formula thanks to DK

%subplot(2,1,2);plot(f,absG);

% xlabel('Frequency in Hz'), ylabel('Power in dB');

% v = axis;

% axis([xbegin,xend,v(3),v(4)]);

datafiltered(:,i) = real(ifft(G)); % filtered data

%how to use subplot   subplot(2,1,j);plot(freqscale,power2);

end
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Appendix V:  MATLAB Code: joinesperiodogram
function [] = joinesperiodogram(data,freq,chnl,xbegin,xend)

%JOINESPERIODOGRAM produces a periodogram of data

%Written by Sharon Joines 

% Thanks to Dan Kelaher for his initial explanations 

% Version 1.02     3/3/00

% [data] = joinesperiodogram(data,freq,chnl,xbegin,xend)

%

% 1 Hz resolution -> 60 Hz at index 61

%

% Inputs

%   data - a matrix of signal data

%   freq - frequency at which data was collected

%   chnl - the number of the EMG channel to be plotted 

%   xbegin - the first point graphed on the x axis

%   xend   - the last point graphed on the x axis

% Output

%  the periodogram of the data

%

% joinesperiodogram(x,1024,channel#ofinterest,xbegin,xend)

data=data(:,chnl)-2048;

n=(length(data)-1)/freq;  %   n    - number of seconds in data signal

N = n*freq/2; % number of samples in half of FFT

f = (0:N)*freq/2/N;

Np1 = N+1;

X = fft(data);

absX = abs(X(1:Np1,:)).^2; %changes in formula thanks to DK

[maxf,indx] = max(abs(X(2:Np1,:)));

figure(1)

plot(f,absX), title('Data represented in the Frequency Domain')

xlabel('Frequency in Hz'), ylabel('Power in dB')

v = axis;

axis([xbegin,xend,v(3),v(4)])

data=data;
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Appendix VI:  MALTLAB CODE: joines signal generator
function [signal] = joines_signal_generator(freq,len,amp,sr,allwaves)

%JOINES_SIGNAL_GENERATOR produces a signals with various frequencies and amplitudes

%Written by Sharon Joines 

% Version 1.0     8/12/00

% [data] = joines_signal_generator(freq,len,amp,sr,allwaves)

%

% Inputs

%   len - the length of the signal to be generated in seconds

%   freq - frequency of the signal 

%   amp - amplitude of the signal associated with a particular freq

%   sr -  sampling rate

% Output

%  signal - the data associated with the signal specified

%

% joines_signal_generator(freq,len,amp,sr,allwaves)

if nargin <1

   disp('Have to at least pass the frequencies to generate');

   signal=[];

return;

elseif isempty(freq)

   disp('Frequency can not be empty');

   signal=[];

   return

end

   

if nargin < 4

   sr=1024;

 elseif isempty(sr)

   sr=1024 % if you don't specify the sampling rate

end

if nargin < 2

   len=1;

elseif isempty(len)

   len=1

end

if nargin < 3

   amp=ones(size(freq,2));

 elseif isempty(amp)

   amp=ones(size(freq,2));

% if you don't specify the sampling rate

end

% 1 is subtracted off because the increment needs to be 

% 1 less than the number of samples desired

if (mod(sr,2))~=0

   sr=sr-1;

end 

st=1/sr;

t=st:st:len;

if size(freq,2) ~= size(amp,2)

   disp('Size of the freq and amp vectors have to agree');

   signal=[];

   return;

end

if size(freq,2)==1

   signal=amp*sin(freq*2*pi*t)';

else

   freq=freq';

   amp=diag(amp);

signal=sum(amp*sin(freq*2*pi*t))';
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if nargin==5

signal=[signal (amp*sin(freq*2*pi*t))'];

end

end
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Appendix VII:  J. Wilson’s Notes interpreting Johnston’s Covariance 
Analysis
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