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Abstract 

Muscle strength capabilities are a determinant in the ability to successfully accomplish 

everyday tasks.  As such, the quantification of this aspect of human performance is of interest in 

many settings. Currently, the validity of muscle strength test results is reliant on the notion that 

during testing, the participant exerted an effort that is sincere, and that consisted of maximal 

voluntary contractions. Therefore, the ability to differentiate between maximal and non maximal 

muscular exertions is of importance.  

The purpose of this dissertation was to develop and validate probability-based decision rules 

for differentiating between maximal and non-maximal voluntary exertions of the knee and 

shoulder joint musculature during isokinetic dynamometry-based testing. For development of the 

decision rules, healthy participants performed a series of maximal and non-maximal exertions at 

different testing velocities through a prescribed range of motion. Two different theory-based 

approaches were subsequently used for decision rule development: the first approach was based 

on expected better consistency in strength waveform shapes and relative magnitudes during 

performance of maximal efforts in comparison to non-maximal efforts.  The second approach was 

based on the known force-velocity dependency in skeletal muscles.   

In terms of discriminatory performance, several of the decision rules pertaining to the knee 

joint markedly improve upon those previously reported. In addition, a separate investigation 

demonstrated that the decision rules offer excellent discriminatory performance when applied to 

test results of participants that have undergone surgical reconstruction of their anterior cruciate 

ligament. As such, clinicians and researchers may be able to ascertain voluntary maximal effort 

production during isokinetic testing of the knee joint musculature with a high degree of 

confidence, and thus be able to rely on such scores for decision-making purposes  
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With regards to the shoulder musculature decision rules, several methodological issues related 

to test positioning and signal processing need to be addressed prior to consideration of their use in 

the clinical domain.  
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Chapter1 

Introduction 

1.1 Testing of Muscular Strength Capabilities and the Necessity to Ascertain 

Maximal Voluntary Effort Exertion 

Muscle strength capabilities are a determinant in the ability to successfully accomplish 

everyday tasks (Kumar, 2004). As such, the quantification of this aspect of human performance is 

of interest in many settings (Kroemer et al., 1999; Kumar, 2004). One of these settings is related 

to the assessment of those recovering from injury (Dvir, 2004), and arguably the most advanced 

instrument used for such purposes is the isokinetic dynamometer (Dvir, 2004; Perrin, 1993). This 

particular device offers several distinct advantages pertaining to the assessment of those with 

injuries, or who are in the midst of the rehabilitation process following injury. Among these are: 

the ability to easily adjust the tested range of motion of a particular joint to accommodate 

individual limitations; the three common contraction types (i.e. the dynamic eccentric and 

concentric contractions and the static isometric contraction) may be assessed independently of 

each other; the strength capabilities of all major joint muscular systems can be assessed using a 

single device; and perhaps most importantly, isokinetic dynamometers allow the ability to control 

the velocity at which efforts are performed through the majority of the tested range of motion. In 

addition, unlike other commonly used methods and instruments for assessment of muscle 

function, such as manual muscle testing and the hand-held, static strength grip dynamometer, the 

obtained results are recorded independently of the examiner, and are stored in digital format for 

in-depth post-test analysis.  
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In the aforementioned rehabilitative setting, the interpretation of test scores obtained may 

involve comparisons to normative values, to the contra-lateral healthy limb, or to scores obtained 

prior to injury. Regardless of the method of comparison, the interpretation of results is reliant to a 

large extent on the notion that the participant exerted during testing an effort that is sincere, and 

that consisted of maximal voluntary contractions (Dvir, 2004; Polatin and Mayer, 1992). As such, 

corroborating that test scores adhere to these assumptions is of great interest.  

In specifics, the ability to declare that a particular effort was recorded with the participant 

exerting a sincere, maximal effort (which will be defined in the following sections) allows 

clinicians to identify physical deficiencies and possible self-limiting factors that may hinder 

return to physical activity levels prior to injury, and as such may assist in tailoring of individual 

treatment strategies (Feuerstein and Beattie, 1995; Lechner et al., 1998). On the other hand, 

treatment strategies that are based on strength test scores that were performed sincerely, but do 

not constitute a maximal voluntary effort, or were performed with a deliberate attempt to deceive 

the examiner into concluding deficiencies in muscular performance capabilities may result, 

among others, in treatment overuse, prolonged recovery, and increased cost of care (Lechner et 

al., 1998).  

Whilst from a clinical standpoint the necessity for ascertaining the level and type of effort 

exerted during evaluation of human musculoskeletal performance is apparent, another setting 

where corroboration of a participant’s intentions and effort level  is of interest is the medico-legal 

one. In this setting, examiners may be asked to provide an opinion as to whether the participant 

was cooperative and performing to the best of his or her ability during treatments or during 

assessments performed for establishment of compensation, impairment degree and possible 

disability ratings. At the very least, practitioners statements regarding the inability to reach a 
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conclusive decisions due to the inability to corroborate performance of maximal voluntary efforts 

are accepted and given a substantial weight by trier of facts in decision making processes (e.g. 

Rosypskye v. Stewart, 2008). 

A major underlying reason for the necessity for such opinions seems to be related to cases in 

which an individual’s complaints are not accompanied by any physical signs. In specifics, the 

ability to affirm the presence of a disorder without the need for patient cooperation arguably 

assists decision makers in establishing cause and effect relationships, as well as in establishing 

claimant credibility.  Such is the case, for example, where an individual complains of neck pain 

and restricted range of motion, and x-ray findings show fracture of the cervical vertebrae. 

However, in many instances individual complaints do not necessarily equate to the presence of 

medical signs. Such circumstances are seen, for example, in the vast majority of low back pain 

complaints (Krismer and van Tulden, 2007).  Even so, it may be argued that, partially due to the 

structure and adversarial nature of some legal systems (particularly the American and Canadian 

ones), as well as the historical influence of the traditional biomedical model of medicine 

(Waddell and Aylward, 2009); the lack of findings in medical tests that are not dependent on 

examinee cooperation puts the claimants credibility in a compromised position, which in turn 

requires them to affirm that their complaints are indeed present and debilitating to the extent 

claimed.   

The aforementioned necessity to assert the credibility of an individual’s complaints is 

amplified when considering that, even in the presence of medical signs; evaluation of human 

performance relies on the cooperation of the participant. Although not exclusive, this issue has 

been of primary concern in the medico legal setting, where the perception of lacking participant 

cooperation has been attributed to the presence of various secondary gains (Fishbain et al., 1995; 
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Fishbain, 1995). The presence of these secondary gains coupled with the validity of test scores, 

almost exclusively being reliant on an individual’s cooperation and willingness to exert his or her 

best effort (in the very broad sense of the term), has led to a rooted suspicion that obtained results 

are marred by deliberate subpar performance on the part of the participant. This point is perhaps 

best exemplified when considering the following excerpt taken from a Canadian Supreme Court 

ruling, addressing the suspicion exhibited by different personnel with regards to compensation 

claims in the work setting requested from those suffering from chronic pain (Nova Scotia v. 

Martin, 2003): 

“…Despite this reality, since chronic pain sufferers are impaired by a condition that 

cannot be supported by objective findings, they have been subjected to persistent 

suspicions of malingering on the part of employers, compensation officials and even 

physicians.”  

It should be noted that these aforementioned suspicions are not unfounded, as deliberate 

attempts to deceive examiners have been documented in the clinical realm (Aronoff et al., 2007; 

Bianchini et al., 2005; Mittenberg et al., 2002). Such cases place a burden on health care and 

compensation systems (Bianchini and Greve, 2009).   

As such, the ability to ascertain an individual’s intentions and effort level during 

musculoskeletal evaluations and specifically those pertaining to muscular strength capabilities is 

of interest to all sides involved in the claims process.  

1.2 Purpose and Structure of the Dissertation 

Given the aforementioned arguments pertaining to the validity of muscle strength capability 

test scores being dependent on exertion of sincere, maximal voluntary efforts on the part of 
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individual participants, and the need for practitioners and researchers to corroborate that maximal 

efforts were in fact produced, this dissertation aimed at the following: 

Develop probability -based decision rules for differentiating between maximal and non-

maximal efforts, as well as between sincere and insincere efforts during isokinetic testing of the 

knee and shoulder joint musculature. These decision rules were developed using healthy 

participants, and will include measurements at different angular velocities and dynamic 

contraction modes. The decision to develop such rules for knee and shoulder joint musculature 

strength exertions is due to several indications in the literature that, through the use of proper data 

analyses techniques, effective clinical discrimination of different effort types may be achieved 

(see Chapter 2), and; a collaboration with orthopaedic surgeon at Kingston General Hospital who 

specializes in knee and shoulder surgical procedures, which would enable to transfer research 

results into routine clinical practice in a prompt manner. 

Pertaining to the knee joint, to validate those decision rules that exhibit the best discriminatory 

performance using a sample of participants that have undergone surgical reconstruction of their 

anterior cruciate ligament.  

The dissertation is structured as follows: The second chapter of the dissertation begins by 

elaborating upon several terms and definitions pertaining to the aims of the dissertation and the 

subject matter it encompasses. Then, a comprehensive narrative overview is provided of methods 

and procedures proposed and partially utilized in the clinical realm for differentiating between 

maximal and non-maximal efforts. For each method, a description of testing procedures is 

provided, followed by discrimination performance characteristics, advantages and inherent 

limitations. 
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The third and fourth chapters present the development and validation of decision rules for 

discriminating between maximal and non-maximal knee concentric efforts, as well as between 

sincere and simulated insincere attempts. The fifth chapter attempts to expand upon the initial 

investigation presented in the third chapter by testing of both concentric and eccentric knee 

musculature contraction efforts at different angular velocities. In addition, this chapter also 

reports on the feasibility of using an established approach for differentiating between maximal 

and feigned effort attempts using the particular isokinetic machine available for testing.  

The sixth chapter presents an initial study aimed at establishing decision rules for 

differentiating between maximal and non-maximal flexion and extension concentric shoulder 

joint musculature effort.   

The seventh and final chapter provides a brief discussion of the scientific contributions made 

in the dissertation, as well as limitations of the proposed approach and possible avenues for 

further research.  

1.3 References 

Aronoff, G. M., Mandel, S., Genovese, E., Maitz, E. A., Dorto, A. J., Klimek, E. H., & Staats, T. 

E. (2007). Evaluating malingering in contested injury or illness. Pain Practice, 7(2), 178-

204. 

Bianchini, K. J., Greve, K. W., & Glynn, G. (2005). On the diagnosis of malingered pain-related 

disability: lessons from cognitive malingering research. The spine journal, 5(4), 404-417. 

Bianchini, K.J., Greve, K.W. (2009). Chronic pain as a context for malingering. In: J.E. Morgan 

JE, J.J. Sweet (Eds.) Neuropsychology of malingering casebook.  New York: Psychology 

Press. 

de Haan, A., Gerrits, K. H. L., & de Ruiter, C. J. (2009). Last Word on Point: Counterpoint: The 

interpolated twitch does/does not provide a valid measure of the voluntary activation of 

muscle. Journal of Applied Physiology, 107(1), 368-368. 

Dvir, Z. (2004). Isokinetics: Muscle testing, interpretation and clinical applications (2nd Ed.). 

Edinburgh, Churchill Livingstone.  



 

7 

 

Federal Rules of Evidence Rule 702, 28 U.S.C.A. 

Feuerstein, M., & Beattie, P. (1995). Biobehavioral factors affecting pain and disability in low 

back pain: mechanisms and assessment. Physical therapy, 75(4), 267-280. 

Fishbain, D. A. (1995). Secondary gain concept: Definition problems and its abuse in medical 

practice. APS Journal, 3(4), 264-273. 

Fishbain, D. A., Rosomoff, H. L., Cutler, R. B., & Rosomoff, R. S. (1995). Secondary gain 

concept: a review of the scientific evidence. The clinical journal of pain, 11(1), 6-21. 

Krismer, M., & Van Tulder, M. (2007). Strategies for prevention and management of 

musculoskeletal conditions. Low back pain (non-specific). Best practice & research. 

Clinical rheumatology, 21(1), 77-91. 

Kroemer, K. H. (1999). Assessment of human muscle strength for engineering purposes: a review 

of the basics. Ergonomics, 42(1), 74-93. 

Kumar, S. (Ed.). (2004). Muscle strength. Boca Raton, FL, CRC Press. 

Lechner, D. E., Bradbury, S. F., & Bradley, L. A. (1998). Detecting sincerity of effort: a summary 

of methods and approaches. Physical therapy, 78(8), 867-888. 

Mendelson, G., & Mendelson, D. (2004). Malingering pain in the medicolegal context. The 

Clinical journal of pain, 20(6), 423-432. 

Mittenberg, W., Patton, C., Canyock, E. M., & Condit, D. C. (2002). Base rates of malingering 

and symptom exaggeration. Journal of Clinical and Experimental 

Neuropsychology, 24(8), 1094-1102. 

Nova Scotia (Workers' Compensation Board) v. Martin (2003) 2 SCR 585. 

Perrin, D.H. (1993). Isokinetic exercise and assessment. Champaign, IL,USA: Human Kinetics. 

Polatin, P.B., Mayer, T.G. (1992). Quantification of function in chronic low back pain. In: D.C. 

Turk DC, R. Melzack R (Eds.). Handbook of pain assessment. New York: Guilford Press. 

Rosypskye v. Stewart, 2008. CanLII 25724 (ON SC). [Cited on 2013 March 1]. Available from: 

http://canlii.ca/t/1x2rx. 

  



 

8 

 

Chapter 2 

Methods for Differentiating Between Maximal and Non-Maximal 

Muscular Strength Efforts:  A Narrative Review 

2.1 Introduction 

As noted in the first chapter of this dissertation, an important part in the evaluation of human 

performance relates to the measurement of muscular strength capabilities (Dvir, 2004; Kumar, 

2004; Kroemer, 1999). Since the underlying premise in use of strength scores for any purpose 

relies on participant cooperation, as well as on exertion of maximal voluntary efforts; the 

establishment of criteria for ascertaining such performance is of clear interest. Although this latter 

statement holds irrespective of the setting in which the strength scores are used (Kroemer and 

Marras, 1980), the topic area has primarily been investigated in context to testing performed as 

part of medico-legal assessments.  

The purpose of this chapter is to twofold: First, to elaborate upon relevant terms pertaining to 

clinical muscular strength capabilities testing, and second; to provide an overview of proposed 

methods for differentiating between maximal and non-maximal muscular strength exertions. With 

regards to the latter, although this dissertation utilizes dynamic, isokinetic dynamometer-based 

muscular strength measurements, the following overview also elaborates on static (isometric)-

based methods. This is done since these methods are acknowledged to influence both theoretical 

and practical aspects of those investigations using dynamic muscular contraction modes (Dvir, 

2004). Accordingly, the overview initially begins with methods developed exclusively for use 

with the hand-held, adjustable handle position, grip dynamometer (i.e. the Five Rung Grip test; 

and the Rapid Exchange Grip test). Following, an overview is provided of measures derived from 
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static and dynamic muscle force-times series. These include: the coefficient of variation; rate of 

force development, and degree of force maintenance. The last portion of the overview focuses on 

an isokinetic-based testing procedures reliant on known skeletal muscle physiological principles 

termed the “Difference between the Eccentric and Concentric ratios” (DEC) and the “Sum of the 

Eccentric and Concentric ratios” (SEC). For each method, general testing procedures are outlined, 

followed by an evaluation of the method’s performance in terms of the ability to effectively 

discriminate between the two effort types, namely maximal and non-maximal efforts. In addition, 

inherent theoretical and practical strengths and limitations are highlighted.  Based on these 

aspects, the chapter concludes with recommendations pertaining to experimental design and data 

analyses procedures. 

2.2 Relevant Terms and Definitions Pertaining to Muscular Strength Capabilities 

Testing  

2.2.1 Maximal Voluntary Contractions/Efforts 

A general definition of muscular strength is “the ability to overcome or counteract external 

resistance by way of muscular effort” (Kraemer and Zatsiorsky, 2006). In the context of muscular 

strength measurement, an added operational definition is “the subject’s capability for the exertion 

of force or torque to an external dynamometer over a specified time period” (Kroemer and 

Marras, 1981). Naturally, such exertions can be performed at various muscular capability levels. 

However, it may be argued that the predominant aim and interest in recordings of muscular 

strength is attainment of a voluntary effort in which no improvements or perhaps more 

realistically clinically negligible improvements or deteriorations in strength are made on 

subsequent attempts under the same conditions. This type of contraction is commonly denoted a 

maximal voluntary contraction (MVC) or a maximal voluntary effort or exertion (MVE). These 
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terms will be used interchangeably. Several things are important to note regarding the MVC 

definition given above: 

First, it is important to acknowledge several other definitions that have been proposed in the 

literature.   For example, Gandevia (2001) elaborates: “a maximal contraction that a subject 

accepts as maximal and that is produced with appropriate continuous feedback of achievement.” 

In this particular definition, the issue of ‘subject acceptance’ highlights that MVC effort are 

innately subjective, which give rise to uncertainty as to whether a particular muscular strength 

recording could potentially have resulted in a higher strength level. In addition, Gandevia (2001) 

also includes in the MVC definition the necessity for feedback on performance  best suited for the 

individual participant and the task performed. This requirement of feedback alludes to the fact 

that there are several factors (which may be interrelated) that may influence muscle strength 

capability values, and are in need of consideration.  Some of these factors can be classified as 

mechanical by nature, and include the following: amount and type of external resistance, 

contraction type (i.e. concentric, eccentric, or isometric), velocity at which these contractions 

occur, coupling between the body segments, the specific muscle or muscle group tested, muscle 

fiber angle (i.e. pennation angle), body posture during testing, and the dynamometer used. Other 

factors include physiological ones such as the proportion of different fiber types composing a 

muscle, and the presence of central or local fatigue. Lastly, psychological and motor 

control/learning aspects have a role in the ability or willingness to put forth maximal efforts, and 

include instructions on how to exert strength, aspiration/arousal of ego, hypnosis, setting of 

goals/incentives, competition/contest, verbal and visual feedback on performance, fear of 

injury/pain, the perception of pain, depression, anxiety, spectators, and deception (Kroemer, 

1999; Lechner et al., 1998). 
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The second point that needs to be noted is that muscle strength recorded during experiments 

incorporating twitch interpolation technique has been found to produce greater strength levels 

than those produced voluntarily (Gandevia, 2001). However, the routine usage of this approach 

and other techniques is currently limited due to a combination of theoretical, practical and 

technical difficulties (de Haan et al, 2009; Taylor, 2009). 

Third, in an attempt to address the uncertainty associated with an individual’s voluntary 

perception, muscular strength testing procedures often incorporate several attempts or repetitions 

that are performed under strict experimental conditions (Dvir, 2004). However, even with the 

strictest conditional control, and even if an individual perceived that each repetition was 

voluntarily performed to their “best” individual capabilities, some degree of variation in strength 

is often apparent across successive repetitions (Dvir, 2004). These variations stem from both 

instrument and human systematic and random error components (Hopkins, 2000), however, it is 

expected that during performance of MVE these variations would be small to the point they are 

negligible in terms of clinical relevance (Dvir, 2004). 

In context, it is important to clarify that practically, maximal voluntary muscular performance 

resulting from several repetitions is often considered to be the highest (peak) strength level 

attained in any one of the repetitions performed as part of testing (Dvir, 2004). That is, only a 

single discrete point of the muscular strength-time or range of motion series is considered during 

the evaluation of results. The primary reason for this, and particularly when muscular capabilities 

are tested using isokinetic dynamometry, is that a high association is often observed between the 

peak strength value and other possible measures, such as average force or moment, work, and 

power (Dvir, 2004). 
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2.2.2 Non-Maximal Muscular Strength Efforts  

In the dissertation, reference will frequently be made to the term non-maximal efforts. These 

are defined as efforts that do not adhere to the above given definition of repeated MVCs, and thus 

may be expected to result, comparatively, in lower recorded strength levels. Whilst the distinction 

between maximal and non-maximal efforts is regarded in the literature as a binary one, it should 

be emphasized that numerous factors may result in production of these latter efforts. The majority 

of these factors were listed above in reference to psychological and motor control/learning 

factors. However, a critical distinction should be made between those efforts that were performed 

sincerely, and those performed whilst deliberately attempting to deceive the examiner into 

concluding deficiencies of some sort in muscular strength capabilities. Such attempts have been 

referred to as “feigning”, “symptom magnification”, and “exaggerated pain behaviour” (Lechner 

et al., 1998). It may be argued that all of these, in essence, refer to malingering behavior of some 

sort, and for the sake of disambiguation, the following subsection elaborates on issues pertaining 

to this topic. 

2.2.2.1 Sincerity of Effort and Malingering 

In the usage of human performance tests for purposes of determining the degree of impairment 

as well as possible disability, a fundamental query arises as to whether a particular effort exerted 

by an individual was done sincerely or was the effort exerted with an attempt to deceive the 

examiner into concluding a lack of muscular strength production capabilities. With regards to 

compensation claims, this question arises due to the incentive for various potential claimant gains 

including, but not solely, financial ones (Fishbain et al., 1995; Fishbain, 1995). In this 

dissertation, the attempt to answer this question is denoted on occasion as an attempt to identify 

non-maximal effort type. The identification of non-maximal effort type is related to the term 
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sincerity of effort, which has been defined as: “…a patient’s conscious motivation to perform 

optimally during an evaluation” (Lechner et al., 1998). Further, it is clarified that:  “a sincere 

effort is the patient's best or optimal physical performance, whereas an insincere effort is one in 

which the patient deliberately gives less than a full effort during physical examinations” (Lechner 

et al., 1998). The identification of an insincere effort may be interpreted, or suggestive of 

malingering on the part of the participant tested.  

Malingering has been defined as: “…the intentional exaggeration or production of physical or 

emotional symptoms motivated by external incentives such as avoiding military conscription or 

duty, avoiding work, obtaining financial compensation, avoiding criminal prosecution, obtaining 

drugs, or securing better living conditions” (American Psychiatric Association Diagnostic and 

Statistical Manual, 2000;  Mendelson and Mendelson, 2004). Hoffman (2009) elaborates that 

malingering is not classified as a psychiatric disorder, but rather as a special listing for conditions 

not attributable to mental disorder; though a malinger would warrant medical attention. Hoffman 

(2009) further provides clarification by bringing forth an empirical classification of malingering 

proposed by Resnick (1988): 

True malingering: the feigning of disease that does not exist at all in a particular patient. 

Partial malingering: the conscious exaggeration of existing symptoms or the fraudulent claim 

that previously genuine symptoms are still present. 

False imputation: the ascribing of actual symptoms to a cause consciously recognized as 

having no relationship to the symptoms. With regards to false imputation, Hoffman (2009) points 

out that this commonly occurs in litigation where, for example, a patient blames a minor traffic 

accident as the cause for all complaints.  
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However, consider that feigning or exaggerative behavior does not necessarily equate to 

malingering. For example, in the current version of the American Psychiatric Association 

Diagnostic and Statistical Manual (2012), the following criteria are provided for the mental 

condition termed Factious Disorders Imposed on Self:  

Falsification of physical or psychological signs or symptoms, or induction of injury or disease, 

associated with identified deception;  

Presenting oneself to others as ill, impaired, or injured;  

The deceptive behavior is evident even in the absence of obvious external rewards, and;  

The abnormal illness behavior is not better accounted for by another mental disorder such as 

delusional disorder or other psychotic disorder.  

It is apparent that malingering and factious disorders share commonalities, namely the 

deliberate attempt to deceive the examiner. However, in contrast to malingering, factious 

disorders are considered a mental disorder, and the incentive for the behavior is either nonexistent 

or unclear. In context, this point highlights that, even if concluding that a particular effort was 

done with intentions to deceive, the underlying reasons explaining the behavior are not trivial. 

2.3 Literature Search Methods 

Identification of relevant articles was initially achieved by conducting a search using the 

following electronic databases: MEDLINE, Google Scholar, SPORT Discus, Scopus, and ERIC. 

Inclusion criteria included articles written in English from 1970 through July 2012. The list of 

search keywords used both individually and in combination included: muscle; strength; grip; 

maximal voluntary contraction; submaximal; feigning; sincerity of effort; effort optimality; 

malingering; secondary gain; isokinetic dynamometry, and; Jamar.  Additional relevant materials 
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were found by way of hand search of the references of the retrieved literature, as well as personal 

knowledge of article location.   

Articles excluded were those pertaining to use of: observational methods (e.g. Waddell signs), 

psychological questionnaires, those reporting upon use of balance and movement recordings (e.g. 

gait analysis, functional capacity evaluations), and electromyography. In addition, note that a few 

reports could not be retrieved or obtained through standard library references requests, and thus 

are not included in the current overview (Chaler et al., 2002; Hamilton-Fairfax et al., 1996; 

Niemeyer et al., 1989; Reid et al., 1991; Robertson et al., 1993). 

2.4 Static Grip Strength-Based Methods 

2.4.1 The Five Rung Grip Test 

The five rung grip test, also referred to as the five handle position test, was originally 

proposed by Stokes (1983) “to provide an objective method of documenting real, as opposed to 

fictitious loss of grip”. The protocol requires use of a variable hand span dynamometer, and 

entails measurement of grip strength at five different handle positions. The maximal strength 

values attained at each of these positions are then plotted and connected with a line to produce a 

graph shape (Innes, 1999). In the production of maximal voluntary grip efforts, it is expected that, 

due to optimal hand muscle length tension (Goldman et al., 1991; Petrovsky et al., 1980) and 

mechanical leverage (Janda et al., 1987), the highest level of strength will be achieved in the 

middle handle positions (i.e. positions 2 or 3), and lesser strength will be recorded at the narrower 

and wider positions, respectively (Crosby et al., 1994; Firrell & Crain, 1996). The strength-handle 

position graph thus assumes a “slightly skewed bell curve” for maximal efforts (Stokes, 1983). In 

the suspected case of a patient attempting to deceive the examiners into concluding grip 
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weakness, Stokes (1983) reported that the strength-handle position graph assumes a flat, straight 

line (i.e. the same level of strength is recorded across all handle positions).  

In terms of protocol administration, Innes (1999) noted that generally, testing begins in the 

narrow handle position; proceeds in an orderly manner to the widest position; and starts with the 

dominant or non-injured hand. However, Innes (1999) also noted several other variations that can 

affect protocol administration across studies, such as: warm-up and familiarization procedures; 

number of repetitions utilized in each grip position; type of instructions when asked to provide 

non-maximal efforts; and, ordering of tested hands through the protocol progression (i.e. 

dominant or healthy hand tested first in the narrow handle position followed by the non-dominant 

or injured hand in the same position, or performing testing of one hand at all handle positions 

followed by the other hand). 

With regards to the analysis of results, Shechtman et al. (2005) elaborate on several methods 

used for such purposes. The first, which is also the most commonly utilized by clinicians, is based 

on visual assessment of the curves constructed using un-normalized strength values. The 

prevalent usage of this method can be most likely explained by its simplicity. Using this method, 

it has been demonstrated that, whilst production of submaximal efforts did in fact produce a 

flatter curve in comparison to those obtained from maximal efforts, as initially suggested by 

Stokes (1983), the curve shapes still resembled a “slightly skewed bell curve” and could 

potentially be classified as having a skewed bell-type shape (Niebuhr et al., 1993; Niebuhr and 

Marion, 1987). 

Notwithstanding the problem associated with the subjective decision as to what constitutes a 

“slightly skewed bell curve”, another hindrance with the visual observation method is that there 

are no standards for the plotting of results, which consequently may affect the curve’s shape 
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(Schapmire et al., 2011) (Figure 2.1).  For example, variations in graph shape may be induced due 

to: differences in plot size, use of grids, ordinate origin value (i.e. begins at 0 or at the minimal 

strength value attained in the test), and shared or separate plotting of curves attained from the 

control and injured hand (in case of bilateral comparisons). In addition, even if standardizing 

these aspects, if comparing two curves that are similar in relative strength across rung positions, 

but differ in absolute strength magnitudes, then the plot depicting weaker grip forces may appear 

to be flatter (Figure 2.2). Thus, a bias is introduced towards labeling weaker efforts as non-

maximal (Gutierrez and Shechtman, 2003).  

In this context, it has been suggested that this aforementioned bias may be eliminated by 

strength value normalization achieved either by dividing all five strength scores by the highest 

attained value recorded in any rung position, or by division by a strength value attained at a 

particular rung position (Goldman et al., 1991; Tredgett et al., 1999; Shechtman et al., 2005).  It 

has been demonstrated that using this normalization procedure, curve shapes attained from 

maximal and non-maximal efforts are essentially indistinguishable (Goldman et al., 1991; 

Tredgett et al., 1999; Shechtman et al., 2005).   
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Figure 2-1: Examples of the effects of plotting method on the shape of the strength “bell curve” 

obtained from the five-rung grip test. Note that the same strength values are used across plots. 

Figure concept adapted from Schapmire et al. (2011). 

Another method proposed for analysis of the five rung test results, and whose exemplary 

feature is its simplicity, quantifies the degree of curve flatness by calculation of the standard 

deviation (SD) across the five strength scores (Stokes et al., 1995). It is expected that flatter 

curves, indicative of a non-maximal effort, would attain lower scores and vice versa.  Using this 

method, Stokes et al. (1995) found that, on average, SD scores of healthy participants asked to 

exert maximal efforts and injured participants thought to exert their best effort were higher than 

those attained from both a group of healthy participants asked to feign weakness and from a 

group of injured participants thought to be exerting deliberate low efforts. The results were 

partially confirmed by Shechtman et al. (2005), who found that, when considering the injured and 

contra lateral hands separately in participant’s recovering from a unilateral injury involving the 
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elbow, wrist, or hand; that maximal effort scores exhibited smaller standard deviation scores in 

comparison to scores attained from efforts performed at 50% of perceived maximum.  

Stokes et al. (1995) also proposed an SD-based cut-off score of 7.5 pounds to classify efforts 

as maximal or not. Using this cut-off, test sensitivity and specificity of 59.6% and 78% 

respectively are reported for efforts exerted by the patient group in their study. In a related study, 

Gutierrez and Shechtman (2003) propose an optimal SD cut-off score of 8.5 pounds for 

differentiating between effort types based on results obtained from 30 university-aged, healthy 

participants. The corresponding sensitivity and specificity values were 70% and 83%, 

respectively. Applying the 7.5 SD cut-off score proposed earlier by Stokes (1995), test sensitivity 

and specificity values of 63% and 83% respectively were attained. Note that  Gutierrez and 

Shechtman (2003)  also reported that SD values were strength dependent, which was manifested, 

on average, in men attaining higher SD values than women, as well as men exhibiting larger 

differences between the maximal and submaximal SD scores. Thus, it is suggested that gender 

specific cut-off scores may be necessary in order to optimize discriminatory capabilities. 

The last method discussed by Shechtman et al. (2005) for detection of non-maximal efforts 

using the five rung grip test involves use of a repeated measures analysis of variance with two 

within participant factors of handle position and effort type. The important outcome is the 

interaction between these factors. In specifics, an interaction effect which exceeds a pre-

determined statistical significance level would indicate that the compared curves are not parallel, 

hence exhibiting differences in shape. 
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Figure 2-2: Example of hypothetical five-rung grip test results obtained from a strong participant 

or hand (red) and weak participant or hand (blue). The stronger curve is simply a scaled version 

of the weaker one (i.e. the relative strength between the handle positions is similar for both 

efforts). However, the “bell shape” obtained from the weaker participant/hand appears to be 

flatter, which may result in erroneous effort classification. 

 

Using this approach, several studies have documented an interaction effect when comparing 

curves obtained from healthy participants who performed maximal and non-maximal efforts 

(Hoffmaster et al., 1993; Niebuhr, 1996; Niebuhr et al., 1993; Niebuhr and Marion, 1990). In a 

more recent study, however, Shechtman et al. (2005) did not find such an interaction when 

examining scores obtained from the involved hands of those recovering from upper extremity 

injuries, which casts doubt on the generalization of results obtained from healthy participants to 

patients.  In addition, since the analysis of variance essentially quantified a group interaction, it is 

unclear whether this method may be utilized on an individual participant basis. If considering this 

possibility, then uncertainty exists regarding the criterion curve to be used for the comparison to 
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the suspected injured hand (i.e. comparison to a normative-control curve obtained from healthy 

participants or that obtained from the uninjured hand in case of a unilateral injury).   

As with other methods, much of the research pertaining to the five rung grip test has utilized 

healthy participants, and thus validation of methods using patient populations suffering from 

various pathologies of the hand is warranted. In addition, fundamental issues regarding score 

reproducibility have not been addressed, nor have attempts been made to generalize results from 

the experimental sample to the population it presumably represents. 

2.4.2 The Rapid Exchange Grip Test 

The Rapid Exchange Grip (REG) test was originally proposed by Lister (1984) and Czitrom 

and Lister (1988) for differentiating between sincere and insincere efforts using an adjustable 

handle, hand held dynamometer. Procedurally, the REG test is composed of two distinct phases. 

First, participants complete a maximal static grip test with repetition time lasting between 3-5 

seconds (such as performed in the previously mentioned five-rung grip test). The second phase, 

termed the “REG maneuver” (Taylor and Shechtman, 2000), is composed of performance of 

several rapid grip repetitions whilst alternating hands. Repetitions are less than 1.5 seconds in 

duration, and are usually performed in the middle handle positions (Shechtman and Taylor, 2002; 

Taylor and Shechtman, 2000). The outcome measure from this portion of the test, termed the 

“REG score” is the peak strength value attained. It has been suggested that when the REG score 

exceeds the peak strength score obtained in the first, reference testing phase, the test is deemed to 

be indicative of performance of a non-maximal effort. Conversely, a REG test in which the peak 

strength score from the reference test exceeds the REG score is suggestive of sincere or maximal 

effort performance (Lister, 1984; Shechtman and Taylor, 2002).   



 

22 

 

The REG test attempts to exploit the difficulties of reproducing consecutive non-maximal 

efforts if task duration is limited (Hildreth et al., 1989; Shechtman and Taylor, 2002). In 

particular, previous investigators explain that the REG test relies, at least partially, on a model in 

which regulation of the desired strength output during voluntary muscular efforts is based on an 

“executive program” originating in the cerebral or cerebellar portions of the central nervous 

system (Kroemer and Marras, 1980). This program sends impulses via efferent pathways to motor 

units that control both recruitment and rate coding in a manner that produces the desired strength 

output (Milner Brown et al., 1973a,b). Simultaneously, afferent feedback is conveyed to the 

central nervous system for comparison of the current strength output to the executive program, 

and modifications are made to minimize any disparities (Kroemer and Marras, 1980). If limiting 

the amount of time available for CNS processing, which is achieved in the REG maneuver by 

rapidly alternating hands, the reproduction of the initial rate of force development and the 

following maintenance of a desired submaximal force level over time is compromised (Kroemer 

and Marras, 1980). In effect, if a sincere maximal effort was exerted during testing, the REG 

score is expected to be slightly lower than that achieved in reference static grip test (Lister, 1984). 

In addition, if comparing scores recorded using the REG procedure between a strong, healthy 

hand and purposely-presented weaker or injured hand, any bilateral differences in strength 

observed based on the strength scores obtained in the initial reference test should be attenuated 

(Czitrom and Lister, 1988; Shechtman and Goodall, 2008).  

Several investigators have attempted to establish cut-off scores for differentiating between 

maximal and non-maximal efforts using the REG test. In particular, the first empirical study to 

examine the REG test (Hildreth et al., 1989) reports that, of the 15 healthy participants tested, 14 

exhibited lower REG scores when compared to maximal effort scores produced during the 
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reference test. In addition, the ratio of REG score to the reference test score was approximately 

85%, thus supporting Lister’s (1984) predictions regarding expected test outcomes. 

Consequently, Hildreth et al. (1989) proposes that production of a non-maximal effort should be 

suspected if the REG score exceeds the reference test score (i.e. an aforementioned ratio that 

exceeds 1; or 100% if expressed as a percentage). However, contradictory findings were reported 

by Jouhlin et al. (1993), in which REG scores from both maximal and non-maximal efforts in 

healthy and clinical participants were greater than those obtained for the reference grip test. This 

particular investigation proposes an optimal cut-off score based on the percentage change 

between the REG score and reference score of 125% for declaring non-maximal efforts, which 

resulted in corresponding sensitivities and specificities values of 86% and 97%, respectively. 

However, inferior results were obtained when applying the proposed cut-off to strength test 

results attained from the clinical sample. As such, a different optimal cut-off score of 134% was 

proposed for patients, which yielded sensitivity and specificity values of 88% and 87%, 

respectively. In another investigation, Stokes et al. (1995) report that, on average, maximal REG 

scores were in effect equal to reference scores obtained using the five-rung grip test in both 

healthy and patients samples. The authors suggest a cut-off score based on a critical range using 

the standard error of the difference of REG and reference scores, and report being able to 

correctly categorize 90.6% of subjectively-labeled compliant patients instructed to exert maximal 

effort, and 81.5% of those patients suspected of exerting low effort. In yet another study, 

Hamilton-Fairfax et al. (1995; in Innes, 1999) proposed two scoring methods for differentiating 

between effort types, based on testing of healthy participants performing maximal and 

submaximal efforts at self-perceived 50% and 80%: The first was a REG score to reference test 

strength ratio larger than 100% and second; a criterion in which the average of 10 REG scores 
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exceeds the reference strength test value. Using the latter measure, reported test accuracy for 

differentiating between effort levels was 85%. In a more recent study, Westbrook et al. (2002) 

report that, for a group of healthy, mixed gender participants and for a group of patients who 

underwent open carpal tunnel decompression and who performed maximal efforts and then 

attempted to feign weakness, that a ratio larger or equal to 105% would result in specificity and 

sensitivity values across groups of 86% and 70%, respectively. The authors report that, if using 

the average ratio of the REG to reference score of 85% reported in Hildreth et al. (1989) as a cut-

off, test specificity and sensitivity values would equal 20% and 86%, respectively.    

The discrepancies in the literature regarding the ability of the REG to discern between 

maximal and non-maximal efforts relates to the non-standardization of the testing protocol, which 

has led to wide variations in administration and score interpretation among researchers and 

clinicians (Shechtman and Goodall, 2008; Taylor and Shechtman, 2002). In terms of 

administration, variations are noted in: subject positioning (seated vs. standing); handling of the 

dynamometer by the examiner (i.e. the examiner places the dynamometer at the participant’s 

midline, or moves it between the hands) which consequently may affect the participant’s shoulder 

position during testing; the handle setting used (either predetermined or adopting the one which 

demonstrated the greatest strength in the initial maximal static grip test); the number of 

repetitions used per hand in the REG maneuver; the use of two dynamometers, one held in each 

hand (this may be considered a REG test variant, and is termed the Rapid Simultaneous Grip test 

(RSG, Ghori and Chung, 2007; Jouhlin et al., 1993); the hand switch rate; and, the manner in 

which the hand switch rate is established and maintained throughout testing (i.e. verbal cuing, 

internal rhythm, use of a metronome or a computer). With reference to this last point, the 

upholding of the hand switch rate may be severely compromised in case of using a dynamometer 
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with an analog display due to the need to zero the dial after each repetition, as well as due to the 

need to physically record strength outputs. 

In terms of variations in REG test interpretation; these primarily relate to the choice of the 

reference static grip test performed prior to administration of the REG maneuver. Whilst some 

clinicians use the 5 rung-test, others use a static grip test at a pre-determined handle position 

(Shechtman and Goodall, 2008; Taylor and Shechtman, 2002). In addition, variations in the 

number of repetitions utilized; warm-up and familiarization procedures (Marion and Niebuhr, 

1992); type and volume of instruction (Desrosiers et al., 1998; Johansson et al., 1983); and, the 

availability of feedback (Weinstock-Zlotnick et al., 2011) may also affect test results.  

Other limitations of the REG test include the paucity of information regarding its 

reproducibility. In fact, only one investigation has been identified that addressed the test-retest 

reproducibility of the REG test (Hamilton Fairfax, 1995 in Innes, 1999), and the reported 

classification percentage of 66.1% was deemed to be clinically unacceptable. In addition, given 

the aforementioned variations in REG protocol administration; there is a clear necessity to 

establish the inter-examiner reproducibility of the REG test. Lastly, none of the REG test studies 

attempt to generalize results from the samples tested to the population they presumably represent, 

namely to injured individuals. As such, currently reported sensitivity and specificity values 

should be viewed with caution.  

2.5 Muscular Force-Time Series Based Discriminatory Features 

2.5.1 Visual Assessment of Strength Curves 

One of the advantages of the previously described five rung handle test is the depiction of 

strength values in a manner that may provide both clinicians and participants with feedback on 

performance. This feedback may include the identification of irregular curve shape patterns as 
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well as a lack of consistency in curve shape and relative magnitudes across successive repetitions, 

and may hint at underlying issues in muscular force-producing capabilities. The visual 

observation of the strength curves recorded over time has been suggested within itself as a 

method for differentiating between maximal and non-maximal efforts (Ayalon et al., 2001; 

Hazard et al., 1988; Kroemer and Marras, 1980). Although there are apparent differences between 

maximal and non-maximal efforts for curves obtained from static efforts (Figure 2.6 - 2.8) and at 

least one investigation alludes to simple observation of these for discerning between effort types 

(Kroemer and Marras, 1980), this particular method has mainly been explored with respect to 

strength curves obtained from dynamic, isokinetic-based strength effort.  

In an early study, Hazard et al. (1988) tested the hypothesis that successive maximal isokinetic 

lifting and trunk extension efforts would result in nearly consistent force-time curves in 

comparison to those obtained from efforts performed at a 50% submaximal level. Five examiners 

rated the attained curves as either ‘consistent’, ‘slightly variable’, or ‘variable’ (Figure 2.3).  One 

problem encountered by the investigators was that some participants produced curves of 

insufficient amplitude to allow assessment of variability. In addition, significant inter-rater 

variability was noted in assessing whether curves were, in fact, consistent or not. Lastly, a 

relatively large portion of maximal and submaximal curves were deemed to be ‘slightly variable’, 

which consequently hampers the decision regarding the nature of the effort produced.   

In another study, Ayalon et al. (2001) asked 20 physical education students to perform 2 sets 

of 5 consecutive knee extension/flexion repetitions bilaterally at 60°/sec through a 90° range of 

motion, either of maximal efforts or of efforts attempting to feign pain. Printed records of the 

strength curves, which excluded numeric values or information regarding the test mode (i.e. 

contraction type), were presented to four examiners with varying experience in isokinetic testing 
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(3 to 9 years) for the purpose of effort classification (Figures 2.4 and 2.5). Across examiners, test 

specificity equaled 92.5% (i.e. on average 37/40 maximal efforts were correctly labeled as such, 

whilst 3/40 were misclassified as being feigned attempts), whilst test sensitivity equaled 90.6% 

(i.e. on average approximately 36/40 false strength tests were correctly classified as such, whilst 

4/40 feigned attempts were misclassified as maximal efforts). 

 

Figure 2-3: Example of ‘consistent’ (row A), ‘variable’ (row B) and ‘slightly variable’ (row C) 

isokinetic trunk flexion and extension efforts. Adapted from Hazard et al. (1988). 

 

In addition, it was found that the classification performance was a function of examiner’s 

experience. The investigation conducted by Ayalon et al. (2001) is noteworthy since it elaborates 

on the main criteria used to identify the effort types: The first was irregularity in strength curve’s 

shape, which was defined as “the degree of deviation of either the extension or flexion curves 

from prevalent patterns observed for these movements”. The second criterion was consistency in 

strength curve shapes or magnitudes within the set, or lack thereof. In addition, Ayalon et al. 

(2001) provide a detailed description of what constitutes a prevalent isokinetic knee strength 

pattern, and provide several illustrated examples of how feigned efforts differ from these.  
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Figure 2-4: Examples of isokinetic knee extension and flexion curves identified correctly by all 

examiners in Ayalon et al (2001). Figures a) and b) are of maximal effort attempts whilst c) and 

d) are of efforts in which participants feigned the presence of pain. Adapted from Ayalon et al. 

(2001). 

 

Figure 2-5: Examples of misclassified isokinetic knee extension and flexion curves in Ayalon et 

al (2001). Figures a) and b) are of maximal efforts rated to be feigned, whilst c) and d) are of 

feigned pain efforts rated as maximal efforts. Adapted from Ayalon et al. (2001). 
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Although the primary limitation of using visual observations to classify a particular effort as 

being maximal or not is the subjectivity of the decision process, these studies provide insight into 

specific curve features that are worth quantifying for establishment of objective decision rules for 

such purposes. In addition, the study of Ayalon et al. (2001) clearly highlights the potential for 

use of isokinetic moment time series for differentiating between maximal and non-maximal 

efforts of the knee joint.  

2.5.2 The Coefficient of Variation 

In the literature pertaining to differentiating between maximal and non-maximal efforts, a 

widely investigated and clinically-used measure is the coefficient of variation (CV) of the peak 

strength values obtained on successive repetitions. The CV is usually treated as a ‘method’ for 

differentiating between muscular efforts within itself (i.e. similar to the 5 rung grip test or rapid 

exchange grip test, Lechner et al., 1998; Shechtman et al., 2006); however, it is simply a 

statistical index meant to quantify within-set performance consistency. The separate elaborations 

on the CV, as well as its prevalent usage in the clinical settings is primarily related to the fact that 

early grip dynamometers were equipped with only an analog dial indictor, thus necessitating the 

use of the peak strength value attained during testing as the sole outcome measure. That is, the 

analyses options for quantifying within-set consistency were limited to basic and simple-to-

calculate spread measures, such as the SD and the CV. In the case of other instruments, such as 

isokinetic dynamometers, the recurrent use of the CV in both research and clinical setting may be 

related to: 1) the measure being automatically calculated in software programs used for analyses 

of strength-related indices (e.g. the proprietary software used in the Biodex family of isokinetic 

dynamometers); 2) the influence of grip-related studies on experimental designs; 3) in the case of 

maximal efforts, the likelihood of other possible measures, such as work and power being highly 
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correlated to peak values and thus being redundant (Dvir, 2004); 4) the intuitive understanding 

regarding the meaning of the peak or average value; and, 5) difficulties in either accessing the 

force/moment-time series data (especially in early isokinetic models), or the need to write code 

for specialized, in-house software for the analysis.   

 The original proposition for using a spread measure expressed as a percentage for detection of 

a less than a “full effort” is found in Bechtol (1954). The primary intent of this particular paper 

was to describe the adjustable handle-spacing, hand-held grip dynamometer, and in a paragraph 

pertaining to potential clinical utility of the device, it is stated that exertions of repeated “full 

efforts” can be identified since obtained strength values “vary by less than 20% and usually less 

than 10%”. However, in the case of exertion of less than “full efforts”, the variation in scores will 

be greater than 20% and may “frequently be as great as 100%”. However, note that these 

statements were not supported by empirical data.  

Notwithstanding the influence of Bechtol’s (1954) proposition and the wide spread adaptation 

of the hand held grip dynamometer in clinical settings, the prevalent usage of the CV also relates 

to its computationally simplicity.  In specifics, the CV is calculated by dividing the SD of a 

selected variable attained in successive repetitions by the mean value. This quotient is than 

usually multiplied by 100 to be expressed as a percentage. The standardization achieved in the 

calculation of the CV (i.e. the division of the SD by the mean value) accomplishes the following: 

first, the resulting measure is dimensionless; an inherent property that allows comparison of 

spread across variables of different units; second, given that absolute variability, as quantified by 

the SD, changes proportionally to changes in the mean value, the CV allows estimation of score 

spread irrespective of the variable’s magnitude (Reed et al., 2002). As noted earlier, in research 

concerned with the topic of discriminating between maximal and non-maximal efforts, the CV 
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has been primarily calculated for discrete variables, such as the peak or average force or moment 

(e.g. Birmingham et al., 1998; Robinson et al., 1993; Dvir, 1999a). However, the CV has also 

been suggested for the evaluation of intra- and inter-individual waveform consistency (Winter, 

1983), and has been used in this form for purposes of discriminating between maximal and non-

maximal knee efforts in a recent study using isokinetic-based moment-time series (Colombo et 

al., 2008). 

Prior to considering the performance of the CV in differentiating between maximal and non-

maximal efforts, it is important to note that severe criticism has been raised towards the use of the 

CV for such purposes; criticisms that also extend towards its general usage for assessment of 

variability (Dvir, 2004; Fairfax et al., 1997; O’Dwyer et al., 2009; Shechtman et al., 2006; 

Shechtman, 2001a,b; 2000; 1999). First, when examining the formula for calculating the CV; it is 

apparent that if setting the SD at a constant value (i.e. absolute variability is unchanged), then 

small values of the mean will result in higher CV values (Bohannon, 1987; Shechtman, 2000). 

This in itself may introduce a bias against those that are weaker due to seemingly larger score 

variations (Shechtman, 2001a,b). Evidently, the above mentioned limitation also hold true in case 

of using the CV for assessment of waveform consistency (O’Dwyer et al., 2009). Another 

problem with the CV is that, even if the aforementioned proportional relationship exists between 

changes in SD and mean values, a fundamental contradiction arises between the mathematical 

justification for its usage, and the premise of stronger strength capabilities exhibiting less 

consistency.  That is, if assuming that maximal voluntary efforts will exhibit a higher degree of 

consistency on successive repetitions, than it would be expected that absolute variability, as 

measured the SD, would be in fact smaller as a function of increases in strength (Shechtman, 

2000). 
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In any case, it should be noted that whilst the initial statements made by Bechtol (1954) 

regarding the CV’s score range in maximal and non-maximal efforts were not in fact supported 

by empirical data, later investigations have partially confirmed them. In particular, the vast 

majority of studies report that group averaged CV scores obtained from maximal efforts are 

smaller and have a narrower score range than those obtained from non-maximal efforts (Tables 

2.2 and 2.3). Excluding the initial investigation by Kroemer and Marras (1980) which report 

unusually high values, the average CV scores obtained from maximal efforts range across studies 

between 2.3% (Kromboltz et al., 1985) and 15.3% (Dvir, 1999a). This variation may be partially 

accounted for by factors such as gender (Chengalur et al., 1990; Matheson et al., 1998), injury 

status  (Mayer  et al., 1995; Mitterhauser et al., 1997), the presence of pain (Simonsen, 1995), the 

joint/muscles evaluated (Salondikis et al., 2011; Tornvall,1963), side dominance (Niemeyer et al., 

1989), the type of contraction employed and the corresponding choice of testing velocity (Dvir, 

1999b), as well as movement expertise (Salondikis et al., 2009), and specific training (Oshita and 

Yano, 2010). Consequently, maximal effort based CV cut-off scores proposed in the literature 

range between 7.5% and 23%. The performance of these cut-off scores, as assessed by 

examination of the corresponding sensitivity and specificity values, has been deemed to be 

insufficient, in the majority of cases, for effective clinical usage (Dvir, 2004; Lechner et al., 1998; 

Robinson and Dannecker, 2004; Shechtman, 2000).  

Lastly, it should be noted that the majority of investigators have not explored the issue of CV 

score reproducibility. However, those who have used CV in this manner indicate that it exhibits 

an insufficient level of measurement precision (Birmingham and Kramer, 1998; Birmingham et 

al., 1998; 1997; Robinson et al., 1997). The practical implication of this is that scores obtained on 

a particular set or testing day being classified as a certain type, whilst scores from a repeated set 
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of the same effort (either performed within the same testing session or on a different day) would 

be classified differently. Clearly, this aspect would hamper decision-making processes. 
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Table 2-1: Summary of studies using the coefficient of variation (CV) for differentiating between maximal and non-maximal static grip muscular 

efforts. Abbreviations and clarifications are provided in the table footnote. 

Joint/Movement 

(author,year), 

comment # 

Participants (N, 

gender, age) 
Instrument Protocol Measure Used 

CV Mean 

±  SD 

Maximal 

CV Mean 

± SD  Non 

Maximal 

Proposed CV  

Cutoff 

Number of 

Maximal 

Misclassified 

Sp 

(%) 

Number of 

Submax/Feigned 

Misclassified 

Sn 

(%) 

Grip (Chengalur, 

1990), 1 

60 (30m, 

27.2±13.8 yrs.; 

30w, 28.5±11.0 

yrs.), with various 

unilateral 

hand/wrist injuries 

Modified 

Jamar™ with 

force 

transducer 

2 session 48 hrs apart, 3 

repetitions per condition 

(max, 25,50, and 75% of 

max with instructions to 

feign),  no feedback 

Plateau of force 

time curve 

from 

occurrence of 

90% of peak to 

tend of trial 

 

M 

uninjured 

hand: 4.8 

± 2.6 

 

M 

uninjured 

hand: 8.4 ± 

3.4 
Men  (pooled across 

hands): 9.9% 
3/30 90% 84/120 30% 

 

M  Injured 

hand: 

5.9±2.9 

 

M Injured 

hand: 

8.7±4.4 

W 

uninjured 

hand: 6.7 

± 3.0 

W 

uninjured 

hand: 

10.0 ± 4.7 Women  (pooled 

across hands): 

12.25% 

2/30 93.3% 86/120 28.3%  

W Injured 

hand: 6.9 

± 3.6 

 

W Injured 

hand: 9.6 ± 

4.4 

Grip  

(Dvir, 1999) 

17f, healthy, (20-

25) 

Jamar™ 

(static) 

 

 

Static: 

1st session for 

establishing rung 

position resulting in 

highest strength. 2nd 

session; 3 max efforts, 3 

feigned efforts 

 

Static: 

average of peak 

force across 

repetitions 

 

4.88 21.4 

Various cut-offs 

based on multivariate 

prediction model 

using tolerance 

intervals. Only 

sensitivity values at 

95% tolerance 

interval available 

NC NC NC 
Static 

44% 

Grip (Fairfax 

Hamilton, 1995), 

2 

40 (26m), healthy, 

average age 28.25 

yrs. old 

Jamar™ 

 

2 seperate testing days, 3 

repetitions at positions 

2-5 for both hands, max 

and 50% effort, no 

feedback. 

 

Peak Strength 

Value 
6.6 ± 2.0 16.3 ± 12.5 13% NC ~58% NC ~78% 

 

Grip  

(Kromblotz, 

1985),  3 

 

24 right handed 

university students 

Martin, Inc. 

ball-type hand 

dynamometer 

18 total repetitions at 

different effort levels, no 

feedback 

NA 2.3 ± NA 4.2 ± NA  NA NA NA NA NA 

Grip 

(Mitterhauser, 

1997), 4 

58 aymotomatic, 

mean age ~ 41 yrs. 

lod   

NK DIGIT-

Grip™ 

Three sequential grasps 

of both hands 

‘Total hand 

force’ 
3.2 ± NA 14.2 ± NA 15% 1/58 98% 20/58 74% 
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Table 2-1 Continued: 
 

          

 

Joint/Movement 

(author,year), 

comment # 

 

Participants (N, 

gender, age) 

 

Instrument 

 

Protocol 

 

Measure Used 

 

CV Mean 

±  SD 

Maximal 

 

CV Mean 

± SD  Non 

Maximal 

 

Proposed CV 

Cutoff 

 

Number of 

Maximal 

Misclassified 

 

Sp 

(%) 

 

Number of 

Submax/Feigned 

Misclassified 

 

Sn 

(%) 

 

Grip (Robinson, 

1993) 

 

29 (24w), healthy, 

25.2±5.1 

 

Jamar™ 

 

2 sets of 3 reps in each 

condition (max and 

50%), counterbalanced, 

no feedback 

 

Peak Strength 

Values 

 

 

Set 1: 3.8 

± 2.7 

 

 

 

Set 1: 12.6 

± 8.3 

 

 

15% (‘Standard) 

 

 

0 

 

 

100% 

 

 

20/29 

 

 

31 

Set 2: 4.3 

± 2.2. 

Set 2: 9.3 

± 7.3 

 

11% (For maintaining 

100% specificity) 

 

0 100% 16/29 44.8 

Grip (Shechtman, 

2001) 

146 (129 w), 

healthy, 23± 7.3 
Jamar™ 

5 grips, both hands, max 

and 50% submax (part 

of larger investigation 

incorporating the REG 

and 5 rung tests) 

Peak Strength 

Values 
7.3 ± 4.5 18.0 ± 12.3 

 

15% 

 

9/137 94% 66/146 55% 

 

11% 

 

26/146 82% 45/146 69% 

Grip 

 (Smith, 1989), 5 

43 (20m), age 

range 18-55 yrs. 

old 

Modified 

Jamar™ 

2 sets of 3 max or 

feigned reps, both hands 

Plateau region 

of curve 

Men:  

4.9 ± 2.4 
16.5 ± 6.1 

 

8.85% 

 

NC 90% NC 92.5% 

Women:  

6.9  ± 4.4 
14.6 ± 7.0 14.4% NC 95.7% NC 52.2% 

*m = men, w = women; Reps = number of repetitions; Submax = submaximal effort;  Sp (Specificity) = True negatives / (True negatives + False positives)*100; Sn (Sensitivity) = True Positives / 
(True Positives + False negatives)*100. NC = Not explicitly calculated. 

Comments: 

1. Chenqalur et al (1990) used 3 faking sets at 25%, 50%, and 75% of maximal efforts for a total of 120 data points per gender. Sp and Sn values based on scores of the injured hand only. This 
investigation reports use of a multiple variable equation for discrimination purposes (see text). 

2. Fairfax-Hamilton (1995) - Cut-off score, Sp, Sn and subsequent misclassification numbers derived from visual examination of Receiver Operator Characteristic (ROC) curve. Cut-off score seems to 

represent optimal balance between Sp and Sn. 
3. Kromblotz, (1985) – study not available to author’s disposal. Data adapted from abstract and Shechtman et al. (2006). 

4. Mitterhauser et al. (1997) – results are secondary to main purpose of the study, which included cross sectional grip strength measurements of 3 group: Pre-work screening; injured participants, and; 

those in a compensation/return to work situation 
5.  Smith et al. (1989) – Do not report sensitivity and specificity values, but rather the % of prediction accuracy based on criterion values established using a normal distribution approximation with 95% 

confidence intervals 
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Table 2-2: Summary of studies using the coefficient of variation (CV) for differentiating between maximal and non-maximal isometric and 

isokinetic-based muscular efforts of several joints. Abbreviations and clarifications are provided in the table footnote. 

 

Joint/Movement 

(author,year), 

comment # 

Participants 

(N, gender, 

age) 

Instrument Protocol 
Measure 

Used 

CV Mean ±  

SD Maximal 

CV Mean ± 

SD  Non 

Maximal 

Proposed CV  

Cut-off 

Number of 

Maximal 

Misclassified 

Sp 

(%) 

Number of 

Submax/Feigned 

Misclassified 

Sn (%) 

Elbow Flexion 

(Kroemer, 80) 

30 (15w), 

students 
Custom 

 

10 isometric 

contractions at 

25,50,75,100%, order 

arranged to avoid 

fatigue, elbow flexed 

90°. 

 

Average of 

force 

maintenance 

phase 

56 ± NA 60-72± NA Not proposed NC NA NC NA 

Grip  

(Dvir, 1999) 

17f, healthy, 

(20-25) 

KinCom 

125E 

(isokinetic) 

 

Isokinetic: 

3 reps in Con-Ecc (i.e. 

flexion-extension) at 

4°/sec & 16°/sec, low 

first, max first, feign 

instructions. 

No feedback in either 

case. 

 

Isokinetic: 

average 

strength 

curve values 

Range across 

contraction 

types & 

velocities: 

8.8-15.3 

Range 

across 

contraction 

types & 

velocities: 

15.1 – 23.8 

NC NC NC NC 

Isokinetic  

range across 

contraction 

types & 

velocities 

6%-20% 

Knee Extension 

(Bohannon, 1988) 

40 (20m, 

31.2±10.1; 

20w, 

26.4±5.5), 

healthy 

Cybex II 

 

2 random sets (maximal 

and self-selected 

submaximal best 

replicated) of 4 reps at 

60°/sec, ROM not 

specified 

 

Moment at 

30° and 45° 

of knee ext. 

 

At 30°: 5.8% 

 

At 30°: 

12.0% Not proposed, 

concludes based on 

score distribution 

that effort types are 

indistinguishable 

NA NA NA NA 

At 45°: 6.1% 
At 45°: 

14.6% 

Knee Ext 

(Birmingham, 

98), 1  

31m, healthy 

25.3±4.5 yrs. 

old 

KinCom 

500 

 

2 test days;  2 set of 3 

isolated knee extension 

reps through 90° ROM 

at 60°/sec (max or 

feign), verbal feedback  

CV of peak 

moments 
3.9 ± 2.5* 15.0 ± 9.2* 8% NC 95% NC 75% 

 

Knee Ext 

(Birmingham,  

97), 2 

 

NA 
KinCom 

500 
NA NA 3.8 ± 2.2 9.1 ± 4.4 8% NC 95% NC 72% 

Colombo, (08) ,3 

20 (17m), 

healthy, 33.3 

± 9,5 yrs. old 

Biodex 

System 3 

Max and submax (50%) 

of 4 sets of knee 

extension, at 30° & 

180°/sec through 80° 

ROM, randomized, no 

mention of feedback 

CV of peak 

moments 

At 30°/sec: 

~7% 
~17% 14% NC 75% NC 90% 

At 180°/sec: 

~8% 
~15% 10.5% NC 100% NC 90% 

Average CV 

per degree 

At 30°/sec: 

~5% 
~25% 14.04% NC 70% NC 100% 

At 180°/sec: 

~7% 
~27% 8.76% NC 95% NC 75% 
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Table 2-2 Continued: 
 

          

Joint/Movement 

(author,year), 

comment # 

Participants 

(N, gender, 

age) 

Instrument Protocol 
Measure 

Used 

CV Mean ±  

SD Maximal 

CV Mean ± 

SD  Non 

Maximal 

Proposed CV  

Cut-off 

Number of 

Maximal 

Misclassified 

Sp 

(%) 

Number of 

Submax/Feigned 

Misclassified 

Sn (%) 

            

Knee Ext (Lin, 

96), 4 

32 (21w), 

healthy, 

25.2±4.7 yrs. 

old 

Biodex 

(model 

unknown) 

2 testing days, dominant 

leg, isometric at 60° 

knee extension,2 sets of 

5 reps (randomized max 

and 50% submax). 

Isokinetic  90° ROM, 1 

set of 5 reps at 60°/sec, 

and 15 at 180°/sec 

Peak or 

average 

moment 

Isometric 

4.4 ± 2.2 

 

Isometric 

10.0 ± 5.5 

11% 0/32 100% 20/32 38% 

Isokin 60°/s 

8.7 ± 4.3 

 

Isokin 60°/s 

19.3 ± 9.2 

19% 0/32 100% 16/32 53% 

Isokin180°/s 

5.6 ± 2.1 

Isokin 180° 

16.4 ± 8.5 

10% 0/32 100% 8/32 75% 

Knee Ext 

(Robinson, 97), 5 

20 (12 w), 

healthy, 25.7 

±3.2yrs. old  

Biodex 

(model 

unknown) 

2 sessions, Non 

dominant leg, 2 sets  of 

6 reps at 180°/sec 

through 90°, max and 

50% submax 

Average 

moment of 

middle 3 reps 

4.2 ± 2.8 

across both 

days 

10.1 ± 7.8 

across both 

days 

 

15% 

 

NC 100|% NC 55% 

 

10% 

 

NC 90% NC 80% 

Knee Ext 

(Robinson, 94),6 

15 (8w), 

healthy, 

25.4±6.1 yrs. 

old 

BTE 

Dynatrak 

 

Isometric at 60° knee 

extension (performed 

1st); isotonic through 90° 

ROM, 2 sets of 3 reps 

(max & 50% submax), 

no visual feedback. 

 

 

Isometric: 

Strength 

measure 

 

4.2 ± 2.8 10.1 ± 7.8 12% 0/15 100% 12/15 20% 

Isotonic: 

Velocity 
3.2 ± 2.3 11.3 ± 4.4 10% 0/15 100% 4/15 73% 

**m = men, w = women; Reps = number of repetitions; Ecc = eccentric contractions; Con = concentric contractions; Ext = extension; Submax = submaximal effort; Isokin = isokinetic; ROM = range 

of motion; Sp (Specificity) = True negatives / (True negatives + False positives)*100; Sn (Sensitivity) = True Positives / (True Positives + False negatives)*100. NC = Not explicitly calculated; NA = 
Not available. 

 Comments: 

1.  Birmingham et al. (1998): CV averaged across testing days. Provide ROC curve for evaluation of different cut-offs. Misclassification numbers not calculated since they do not correspond 
percentage-wise to Sn and Sp values. 

2. Colombo et al. (2008) – mean values derived from graphs in article. Also combine scores across speeds. Also use fatigue index – get later. 

3. Birmingham et al.(1997): article not available to author’s disposal. Data adapted from Shechtman et al. (2006) 
4. Lin et al. (1996) also report CV for both peak and average moment. Best classification for isometric was based on peak moment CV, whilst best classification for isokinetic efforts was 

obtained using CV of average moment. ***Also use CV of slope-  get in later in FT portion 

5. Robinson et al (1997): Only CV of average moment reported in current table. The investigation also reports CV of peak moment using across 3 and 5 repetition scores. Sensitivity and 
specificity values in current table correspond to the so-called ‘classification rate’ in the article. 

6. Robinson et al. (1994): Do not report what strength or velocity feature is utilized in calculations.  
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2.5.3 Discriminatory Features Based on Isometric Contraction Force-Time Curves  

2.5.3.1 The Rate of Force Development 

As mentioned earlier, grip and isokinetic-based studies have primarily utilized the coefficient of 

variation of the peak or average moment for quantification of within-set performance consistency. 

However, qualitative observations of static and dynamic force/moment time-series obtained from 

production of maximal and non-maximal efforts suggest that several other curve features or variations in 

their score may allow successful discrimination between effort types. With reference to those curves 

obtained from isometric contractions (Figures 2.6 – 2.8), the first feature of interest is the initial rise of the 

force-time curve from baseline. If one differentiates this portion of the curve with respect to time, one 

attains the so-called rate of force development (RFD).  The RFD has received considerable attention in 

the literature pertaining to athletic performance, where it is indicated that several factors may influence its 

value, apart from computational choices. These factors include, among others: age (Runnels et al., 2005); 

gender (Ryushi et al., 1988); injury status (Dvir, 1999); the joint/muscular system tested (Kroemer and 

Marras, 1981); muscle fiber characteristics (Viitasalo and Komi, 1978); static or dynamic efforts and 

external load utilized in the latter effort type (Kawamori et al., 2006); and, training (Gruber and 

Gollhofer, 2004). Ostensibly, these aforementioned factors have been identified based on measurements 

in which participants are assumed to adopt a neuromuscular strategy consisting of an attempt to recruit all 

possible motor units at the highest possible frequency (Shechtman et al., 2007; Smith et al., 1989; 

Kroemer and Marras, 1980). 

In context, suggestion has been made that during non-maximal exertions, a different neuromuscular 

strategy is utilized where only a portion of the available motor units are initially recruited, and activation 

frequency varies due to the central nervous system continuously modifying efferent signaling in response 

to feedback provided via afferent circuitry (Kroemer and Marras, 1980). Based on the assumed 

differences in neuromuscular strategies, it is hypothesized that maximal efforts will yield higher RFD 

values than their submaximal counterparts. 
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The above-mentioned premise was confirmed by Kroemer and Marras (1980) who documented in a 

group of 30 participants (15 women) that RFD values for maximal isometric elbow flexion efforts were 

higher than those recorded during exertions of 25%, 50%, and 75% of perceived maximum. In a follow-

up study, Kroemer and Marras (1981) extended the experiment to include measurements of isometric 

knee extension and flexion, finger flexion, and elbow flexion in a mixed-gender group of 40 participants. 

Once again, group averaged RFD values attained for maximal efforts were higher than those attained 

from non-maximal efforts across all muscles groups tested. Kroemer and Marras (1980) proposed that 

simply observing the steepness of the initial portion of the force time curve would allow decisions to be 

made regarding the type of effort produced. However, examination of the RFD standard deviations values 

provided in two aforementioned investigations imply an RFD score overlap between the different efforts 

levels produced, which was evident even when evaluating results separately per gender. In addition, the 

authors did not elaborate on the exact method of RFD calculation (e.g. use of average or maximal value; 

use of a moving window for calculations and if so, corresponding window size, etc.), and no specific RFD 

cut-off score was provided for differentiating between maximal and non-maximal efforts.  

Gilbert and Knowlton (1983) continued with the line of investigation presented by Kroemer and 

Marras (1981; 1980), and attempted to use the RFD (whose calculation procedure was not specified) as a 

differentiator between grip efforts obtained from two mixed gender, healthy participant groups 

performing either maximal efforts, or self-perceived 75% submaximal efforts with the pretense of 

performing maximal efforts (i.e. a type of feigning attempt). Descriptive statics revealed that, on average, 

RFD values obtained from men from both effort types were higher than those of women, and particularly 

of those recorded for maximal effort attempts.  The authors made no attempt to define a specific RFD-

based cut-off score. However, follow-up discriminant analysis revealed that the RFD served as a 

significant predictor for men in discerning between effort types, but not for women. The authors attempt 

to explain this discrepancy across genders by mentioning that the women may have been using different 

muscle groups due to inherently lower muscular force producing capabilities, which was possible due to 

the setup of the dynamometer. In addition, an argument was made by the authors that women were 
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perhaps not as sensitive as men in discerning differences between maximal and 75% efforts (Gilbert and 

Knowlton, 1983).   

In a later study, Shechtman et al. (2007) found in a group of 30 healthy participants (15 women) 

whose grip-based RFD values (calculation details were not provided) were significantly higher for 

maximal contractions than those obtained during feigned strength exertions for purposes of financial gain 

(Figure 2.7). The researchers did not find gender group differences in RFD scores for maximal efforts; 

however, scores were treated separately for cut-off score establishment. For men, a cut-off point of 

1.5v/sec optimized both sensitivity and specificity values, with corresponding values of 80% and 87%, 

respectively. For women, an optimal cut-off point of 1.2v/sec resulted in a test sensitivity of 80% and a 

test specificity of 93%. 

 

 

Figure 2-6: Examples of a maximal and feigned grip effort attempt performed at 75% of self-perceived 

maximum. Adapted from Gilbert and Knowlton (1983). 

 

In a follow up study, Sindhu et al. (2011) attempted to use the RFD to differentiated between maximal 

and 50% self-perceived submaximal efforts in a heterogeneous cohort of 40 patients (20 women) who 

received physical or occupational therapy treatment. In this particular study, men RFD scores were 

significantly higher than those obtained from women, and consequently results were treated separately. 
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Figure 2-7: Examples of a maximal grip effort (A) and submaximal grip effort attempt performed at 50% 

of self-perceived maximum (B).  Adapted from Shechtman et al. (2007). 

 

For men, an optimal cut-off score of 1.5v/sec (which incidentally was similar to that obtained by in the 

aforementioned healthy participant study conducted by Shechtman et al., 2007), yielded sensitivity and 

specificity values of 85% and 55%, respectively. For women, an optimal cut-off score of 0.5v/sec resulted 

in sensitivity and specificity values of 60% and 85%, respectively. When examining the provided receiver 

operator characteristic curve in the manuscript, the healthy women-based cut-off score of 1.2v/sec, 

suggested in the preceding study by the researchers (i.e. Shechtman et al., 2007) yielded approximate 
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sensitivity and specificity values of 90% and 20%, respectively (Sindhu et al., 2011). The results of these 

two abovementioned studies demonstrate that, not only is using RFD-based cut-off scores established 

with healthy participants questionable for patients, but also that RFD only offers limited discriminatory 

capabilities even when separate cut-off scores are established solely on patient scores by sex. 

From the previous paragraphs, it seems that several issues need to be addressed before considering the 

use of the RFD for purposes of differentiating between maximal and non-maximal efforts. First, whilst 

the reproducibility of the RFD has been reported for maximal efforts for several muscle groups (e.g. 

Almosnino et al., 2010; Demura et al., 2003; Thompson et al., 2012), it has not been established, and thus 

remains unclear, whether the level of precision exhibited is sufficient to declare maximal efforts as such 

on repeated test sessions. Second, it was noted that the value of the RFD is dependent on calculation 

procedures; however, the majority of studies do not describe this process. In addition, different 

calculation procedures seem to influence RFD measurement precision (Thompson et al., 2012), and the 

subsequent influence this may have on the ability to discriminate between effort types has not been 

addressed. Third, strong associations have been reported between the RFD and peak strength values 

(Kroemer and Marras, 1981; 1980). That is, the RFD may be partially dependent on absolute strength. 

Although, it should be noted in this context that Shechtman et al. (2007) did not find differences in 

average RFD values across sexes (where it would be expected due to men being inherently stronger), it is 

important to clarify this point in future investigation such that a bias is not introduced towards those that 

are weaker. Fourth, there is a deficiency in the literature regarding generalization of results from small 

experimental samples to the represented population, as well as exploration of whether results obtained 

from a particular sample may be used for differentiating maximal effort in a sample with different 

characteristics. In this context, it should be noted that Shechtman et al. (2007) expressed reservations 

regarding the use of the RFD for differentiation of muscular efforts in patient populations. In particular, 

Shechtman et al. (2007) elaborated that instruction of patients to exert strength “as fast and forcefully 

possible” may be contraindicative due to increased chance of re-injury or pain aggravation. Further, they 

advised clinicians to encourage patients to choose their own personal strategy for reaching their maximal 
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muscular strength capabilities, which would clearly hinder the use of the RFD for purposes of effort 

differentiation.   

2.5.3.2 The Degree of Force Maintenance during Isometric Contractions 

Another isometric-based force-time characteristic that has been utilized for differentiation between 

maximal and non-maximal efforts of interest is the portion of the curve which begins just following the 

initial rate of force development and follows to the end of the contraction recording time period. This 

portion of the curve has been named the “steady state” or “force decaying” portion (Gilbert and 

Knowlton, 1983; Shechtman et al., 2007; Sindhu et al., 2011; Smith et al., 1989); however these terms are 

avoided in the current overview due to conflicting depictions of the assumed nature of this part of the 

curve in maximal and non-maximal contractions (Figures 2.6-2.8). Consequent to this unclear 

phenomenon, different hypothesis have been made regarding the behavior of the curve in maximal and 

non-maximal efforts. For example, Shechtman et al. (2007) depicted a maximal effort attempt where an 

obtrusive decline is seen in the force level exerted over time, and they explained that this phenomenon is 

most likely related to the development of fatigue. However, in case of a non-maximal effort simulated for 

financial gain purposes, the depicted force level over time is constant (Figure 2.7). The authors explain 

that maintenance of force in this condition is possible due to the availability of motor units not initially 

recruited, as well as the ability to modulate their firing rate (Semmler and Enoka, 2001). However, both 

Gilbert and Knowlton (1983, Figure 2.6) and Smith et al. (1989, Figure 2.8) depict and describe the exact 

opposite, where a constant force level is achieved during maximal efforts, and a decaying and highly 

unsteady pattern of force is observed during feigning attempts.  

Further perplexing is the fact that all depicted curves are those of grip effort attempts, and that the 

contraction time across studies is similar. The discrepancies between studies may be a result of different 

sample characteristics, different participant positioning and procedures, as well as documented variability 

in this portion of the curve across successive repetitions (Househam et al., 2004).   
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Figure 2-8: Examples of maximal and feigned isometric grip force curves. Adapted from Smith et al., 

(1989). 

 

In terms of discriminatory performance, in the aforementioned study conducted by Shechtman et al. 

(2007), the decline in isometric force over time was calculated using the slope of the force-time series 

from the peak value to the end of the contraction, and was termed the force decay rate (Figure 2.7). 

Optimal force decay rate-based cut-off scores of -0.1 v/sec and -0.075 v/sec yielded specificity and 

sensitivity values for healthy men of 100% and 93%, respectively. For healthy women, an optimal cut-off 

score of -0.05v/sec yielded a test specificity of 87% and a sensitivity of 80%. In a follow up study 

conducted by the same research group (Sindhu and Shechtman., 2011), no appreciable differences were 

noted in force decay rate values between men and women with various upper extremity injuries, and a 

combined cut-off score of -0.04 v/sec was proposed. The corresponding sensitivity and specificity values 

were 85% and 55%, respectively. The relatively poor performance achieved in the particular study may 

be related to the highly heterogeneous nature of the sample, and particularly the type and location of 

injuries sustained. In addition, the authors hypothesized that participants possibly adopted a guarding 

behavior due to pain or fear of pain when asked to exert maximal efforts.  
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In an earlier investigation, Smith et al. (1989) used the CV of the force maintenance region as potential 

discriminator. Using cut off scores of >8.85% and >14.14% to determine faking attempts, the authors 

report sensitivity and specificity values 92.5% and 90% for males, and 52.2% and 95.7% for females. The 

authors do not offer an explanation for the apparent differences in performance between sexes, and in any 

case the results should be interpreted with caution given the limitations previously mentioned regarding 

usage of the CV.  

Lastly, note that the investigation conducted by Gilbert and Knowlton (1983) mentioned earlier did not 

specifically address use of the force maintenance portion of the curve for discrimination purposes, 

although they do partially quantify it by the ratio of the average force exerted to the peak force value 

attained.   

2.6 The Isokinetic-Based DEC and SEC Indices 

One proposed approach for differentiating between maximal and feigned efforts is based on the ratio 

of eccentric and concentric strength scores recorded using isokinetic dynamometry (David et al., 1996; 

Dvir and David, 1996).  This particular method relies on the moment-angular velocity relationship 

obtained in recordings of maximal efforts, where it has been established that, while voluntary concentric 

strength declines as a function of increases in angular velocity, eccentric strength scores remain relatively 

unchanged (Kellis and Baltzopoulos, 1995). Therefore, in the production of maximal efforts, the eccentric 

to concentric strength ratio is expected to be greater than 1 irrespective of the angular velocities employed 

during testing. During production of submaximal or feigned efforts, it has been shown that there is a 

significant increase in the value of this ratio; being more pronounced as a function of increases in the 

testing angular velocity (Dvir and David, 1996; Dvir, 2004). This phenomenon has been attributed to 

differences in the ability to control muscle strength across the two contraction types (Dvir, 2004). In 

specifics, it is speculated that it is easier to modify motor unit recruitment and firing rate during 

concentric contractions, and thus intentional reductions in recorded strength may be more readily 

achieved (Dvir, 2004). However, in attempts to produce deliberate eccentric non-maximal efforts, the 
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decline in recorded strength is less obtrusive due to the inherently defensive quality of the eccentric 

contraction mode (Dvir, 2004; Olmo et al., 2009), as well due to contraction specific neuromuscular 

control mechanisms (Enoka, 1996, Fang et al, 2004).  

Based on these observations, two outcome parameters have been developed. The first utilizes the 

Difference between the Eccentric and Concentric ratios (DEC) obtained at low and high testing velocities 

(David et al., 1996; Dvir and David, 1996, Dvir, 2004). The second, termed the SEC (‘Sum, Eccentric-

Concentric ratios’) is designed to accentuate the contribution of the presumably less controllable eccentric 

contraction performed at the high testing velocity (Olmo et al., 2009). Calculation of these two measures 

is as follows: 

Equation 2-1 

 

Equation 2-2 

 

Where ECC and CON denote the peak or average moment obtained at each contraction mode 

(eccentric and concentric) and at each of the two testing angular velocities (high and low).  

The utilization of the DEC for purposes of differentiating between maximal and non-maximal efforts 

has been reported in the assessment of various muscle groups in healthy participants (Chaler et al., 2007; 

David et al., 1996; Dvir et al., 2002; Dvir and Keating, 2001; Dvir, 1999; Dvir, 1997a,b; Dvir and David, 

1996; Olmo et al., 2009); in those with low back pain (Dvir and Keating, 2003); and in the assessment of 

patients suffering from various orthopedic, rheumatic, or neurologic disorders who were seeking financial 

compensation from public or private bodies (Chaler et al., 2013; Dvir, 2002). The use of the SEC, on the 

other hand, has been reported only in the assessment of the wrist and ankle musculature, (Olmo et al., 

2009, Torra Parra, 2011). A summary of these studies is presented in Table 2.2 and 2.3. Of 

methodological note is the predominant choice of the 1:4 low to high angular velocity gradient utilized 

during testing which, in the majority of cases, corresponds to twice and half of the examiner-selected 

range of motion used for testing, respectively (e.g. 60° range of motion and testing velocities of 30°/sec 
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and 120°/sec). It has been suggested, however, that in case of testing of a small portion of the potentially 

available joint range of motion, an increase in the testing velocity gradient may be necessary to maintain 

differentiation capabilities between maximal and non-maximal efforts (Dvir, 2004; Dvir et al., 2002).   

 In addition, participant familiarization in all investigations includes performance of several 

submaximal efforts at the pre-specified testing velocities, and in the majority of investigations also 

incorporate practice of at least one maximal effort. In terms of the testing protocol, the number of 

repetitions performed by participants is in most cases 3 or 4, and precluding the early investigations of 

David et al. (1996) and Dvir and David (1996), no feedback of any type is given to the participants either 

in performance of maximal or non-maximal efforts. 

A noteworthy feature of the DEC and SEC investigations is the use of tolerance intervals for 

generalization of results from the experimental sample to the population it presumably represents. In 

essence, tolerance intervals allow estimation, with a certain level of confidence, of the parameter range 

(i.e. DEC or SEC scores) within a stated proportion of the population (Proschan, 1953, Vardeman, 1992). 

In previous DEC and SEC investigations, two tolerance intervals are reported: the first covering 95% of 

the population with a confidence level of 95%, and a second, more restrictive, covering 99% of the 

population at a 99% confidence level. Since there are no clear guidelines or legal standards on this 

particular issue, the choice to cover the above-mentioned population proportions with the stated 

confidence levels corresponds to those usually accepted by the scientific community (Dvir, 2004). 

Notwithstanding the generally high sensitivity and specificity values reported in using DEC and SEC 

based cutoff scores (see Table 2.2 and 2.3), another advantage of the protocol relates the performance of 

two dynamic contraction modes at two different angular velocities. It may be argued that this allows a 

more comprehensive evaluation of the tested joint’s function in comparison to the prevalent protocols 

which either use only static (i.e. isometric) contractions, or use only dynamic concentric contractions at 

one angular velocity. 

However, it has been noted that there are several issues that require further investigation with regards 

to the DEC-based cutoff system (Dvir, 2004), and these issues are also relevant to the SEC index, since it 
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utilizes the same experimental protocol. First, the majority of studies used various versions of the 

KinCom dynamometer, and it is unclear whether the established cut-off scores for differentiating between 

muscular effort types using these devices may be used if testing is performed on other dynamometers. 

Second, additional research is needed to assess the influence of participant characteristics on results. In 

particular, sex has been found to have an effect on the DEC (Dvir and Keating, 2001), yet some of the 

studies have not included testing of both sexes. In addition, the eccentric to concentric ratios that form the 

DEC may be influenced by alterations in skeletal muscle function as a result of aging; however, this 

aspect has not been thoroughly investigated. Ostensibly, the exploration of this issue is quite relevant 

given the aging of the workforce (Silverstein, 2008). The last point related to participant characteristics is 

concerned with application of cut-off scores established using healthy participants to those that have 

suffered from injury. In particular, the majority of DEC investigations are based on testing of healthy 

individuals, and whilst there are indications that cutoff scores stemming from these investigations may be 

used for validation of test results obtained from those who have suffered injury to various joints or 

muscles (Dvir and Keating, 2003; Dvir, 2002), a more systematic exploration of this issue is warranted 

(Danneker and Robinson, 2004).  

From a methodological standpoint, it should be noted that DEC study designs have incorporated 

measurements of maximal and non-maximal efforts, where in the latter efforts participants were, in the 

majority of cases, asked to feign muscular capabilities for purposes of financial secondary gain. Thus, it is 

unclear whether performance of sincere submaximal efforts may influence discrimination abilities. 

Another methodological note is concerned with the unavailability of audible or visual feedback as part of 

the testing protocol.  Feedback has been found to have a positive effect on isokinetic muscular strength 

values (e.g. Campenella et al., 2000; Kim and Kramer, 1997; O’Sullivan and O’Sullivan, 2008), and as 

such, ‘full efforts’ obtained using the proposed DEC protocols do not strictly adhere to the previously 

adopted definition of MVC (which includes the presence of a feedback component).  The reasoning for 

not providing feedback, particularly that of the concurrent visual display of moment-time curves, is due to 

the possibility of the participants being better able to modulate non-maximal efforts, which is clearly not 
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favorable during medico-legal assessments (Dvir and David, 1996; David et al., 1996). However, whilst 

there are indications that visual feedback may improve target level submaximal isometric force estimation 

(e.g. Baweja et al., 2009), it is uncertain if this is also the case for dynamic muscular efforts performed at 

iso-velocity.  Thus, if considering the possibility of incorporating feedback into the DEC testing protocol, 

a better understanding is needed of the effects of feedback on the ability to modulate non-maximal 

dynamic efforts.  

Another methodological point relates to the between-day reproducibility of DEC measures, which 

have not been established in the majority of investigations, and is clearly needed in light of the legal 

criteria for evidence admission.  

Lastly, all of the DEC and SEC investigations established cut-off scores based on calculations of one-

sided tolerance intervals. However, an evaluation of scores distributions (e.g. Torra Parra, 2011) suggests 

that better discrimination between effort types would have been achieved by the calculation of two-sided 

tolerance intervals. That is, it could be that non-maximal effort scores may attain values that are lower 

than the minimal value of maximal effort attempts. Although such an occurrence questions the 

physiological rationale on which the DEC and SEC are based, it does not undermine the ability of these 

indices to differentiate between effort types. In addition, a minor point relates to the presumption that the 

tolerance interval calculations in the DEC studies were based on maximal effort scores derived from a 

normal distribution. However, there are indications that this may not necessarily be the case (David et al., 

1996). As such, tolerance interval calculations based on other distributions (e.g. beta or gamma) may 

perhaps be more appropriate in certain cases. It is likely, however, that this will result in negligible or no 

effect on test sensitivity values.     
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Table 2-3: Summary of DEC study protocols and performance. Note tolerance interval cut-off scores are reported at the 95% level of confidence 

covering 95% of the population. Abbreviations are provided in the table footnote. 

Joint/ 

Movement 

Participants (N, 

gender, age) 
Machine 

Range of Motion/ 

Reps, Procedure 

Velocities 

(Gradient) 

Mean ±SD 

Max 

Mean ± SD 

Non Max 

Tolerance 

Interval 

Cut-off 

# of Max 

Misclassified 

Sp 

(%) 

# of Non Max 

Misclassified 

Sn 

(%) 

 

 

Ankle/Plantar 

flexion (Olmo) 

38 (20m), healthy, 

30.9 ± 13.2 yrs. old 

Biodex 

System 2 

 

~60°/3 reciprocal con, 3 

reciprocal ecc, max 1st, low vel. 

1st,  no feedback 

 

30:120 

(1:4) 
0.80 ± 0.45 6.06 ± 6.25 1.90 0/38 100 12/38 68.4 

 

Ankle/Dorsi 

flexion (Olmo) 

 

Same as above 
Same as 

above 
Same as above 

30:120 

(1:4) 
1.06 ± 0.46 3.25 ±  6.71 2.20 0/38 100 22/38 42.1 

Elbow/Flexion 

(Dvir 97) 

15 (m), healthy, 21-

55 yrs. old 

KinCom 

II 

 

60° (20° - 80°)/4 intermittent, 

reciprocal, Con-Ecc, max 1st, low 

vel. 1st, no feedback 

 

20:60 

(1:3) 
0.034 ± 0.41 

BREP 

1.68 ± 1.49 
1.23 NR N/A NR N/A 

Elbow/Flexion 

(Dvir 97) 
Same as above 

KinCom 

II 

 

30° (20° - 50°)/4 intermittent, 

reciprocal, Con-Ecc, max 1st, low 

vel. 1st, no feedback 

 

20:60 

(1:3) 

-0.007 ± 

0.37 

BREP 

1.40 ± 1.40 
1.11 NR N/A NR N/A 

Grip (Dvir 99) 
17 (f),healthy, 20-25 

yrs. old 

KinCom 

125E 

 

~8°, starting from wide grip (0°), 

3 consecutive Con-Ecc cycles, 

5sec inter-contraction and inter-

cycle pause. 

 

4:16 

(1:4) 

Right 

0.58±0.30 

Right 

3.84 ± 2.60 2.12 

(Cut-off for 

both hands) 

1/34 97.0 9/34 73.5 

Left 

 0.78±0.57 

Left 

2.96 ± 2.14 

Wrist (Torra Parra, 

2011) 

20 (m), healthy, 20-

40 yrs. old 
Contrex 

 

20° (-10°to 10°), 4 intermittent, 

reciprocal, Con-Ecc, max 1st, low 

vel. 1st, no feedback 

10:40 (1:4) 

 

Extension 

0.01±0.14 

 

 

Extension 

0.44 ± 0.41 
0.38 NR N/A NR N/A 

Flexion 

0.01 ±0.14 

 

Flexion  

0.44 ± 0.41 

 

0.32 NR N/A NR N/A 

Knee/Extension 

(Dvir, 1996)* 

16(m), healthy, 21-

30  yrs. old 

KinCom 

II 

 

80°/60° (20° - 80°)/4 intermittent, 

reciprocal, Con-Ecc, max 1st, low 

vel.1st, no feedback for non-

maximal efforts 

30:180 

(1:6) 

Right 

0.3 ± 0.23 

 

50% 

Effort 

0.81±0.43 

 

BREP 

0.78±0.41 
1.02 NR N/A NR N/A 

Left 

0.42 ±0.29 

 

50% 

Effort 

0.83±0.40 

 

BREP 

0.90±0.83 
1.26 NR N/A NR N/A 
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Table 2-3 Continued: 

 
          

Joint/ 

Movement 

Participants (N, 

gender, age) 
Machine 

Range of Motion/ 

Reps, Procedure 

Velocities 

(Gradient) 

Mean ±SD 

Max 

Mean ± SD 

Non Max 

Tolerance 

Interval 

Cut-off 

# of Max 

Misclassified 

Sp 

(%) 

# of Non Max 

Misclassified 

Sn 

(%) 

Knee/Extension 

(David, 1996)** 

30 (13m), healthy, 

18-37yrs. old 

KinCom 

II 

 

70°/3 graded Con-Ecc, followed 

by 4 intermittent Con-Ecc reps, 

mixed order*, low vel. 1st, visual 

feedback 

 

30:180 

(1:6) 
0.33 ± 0.27 1.83 ± 1.33 0.75 2/30 93.3 3/30 90.0 

Shoulder/Flexion 

(Dvir, 2002) 

17 (m), healthy, 

29.1 ± 2.4 yrs. old 

KinCom 

125E 

 

80° (start at 35° flx.), 3 

intermittent Con-Ecc reps, max 

1st, low vel. 1st, no mention of 

feedback 

 

40:160 

(1:4) 
0.48 ± 0.25 5.35 ± 6.28 0.99 0/17 100 0/17 100 

Shoulder/Flexion Same as above 
KinCom 

125E 

 

16° (nested symmetrically within 

ROM), rest same as above 

 

8:32 

(1:4) 
0.11 ± 0.14 0.68 ± 0.66 0.36 0/17 100 3/17 82.4 

Shoulder/Flexion Same as above 

 

KinCom 

125E 

 

Same as above 
8:64 

(1:8) 
0.27 ± 0.14 2.08 ±1.84 0.55 0/17 100 2/17 88.2 

Shoulder/ 

External Rot. 

(Chaler,2007) 

17 (m), healthy, 

27.7 ± 6.1 yrs. old 

Cybex 

Norm 

 

60° (start at 50° int.)/ 4 

intermittent, reciprocal Con-Ecc, 

max 1st, low vel. 1st,  no mention 

of feedback 

 

30:120 

(1:4) 
0.31 ± 0.17 2.92 ± 1.94 0.81 0/17 100 0/17 100 

Shoulder/ 

External Rot 

Chaler, 2013) ɸ 

74 (41 m), 48.1± 

10.2 yrs. old,, work-

injured, seeking 

compensation  

Cybex 

Norm 

60° (start at 50° int.)/ 4 

intermittent, reciprocal Con-Ecc, 

max 1st, low vel. 1st,  no mention 

of feedback 

 

30:120 

(1:4) 

 

M Inv 

0.62 ± 2.78 

 

NR N/A N/A N/A N/A N/A 

M UnInv 

0.55 ± 0.55  

 

NR 
1.60  to        

-0.60 

75.6% of men involved sides fell within normative 

DEC score range 

W Inv 

0.69 ± .2.89 

 

NR N/A N/A N/A N/A N/A 

W UnInv 

0.71 ± .0.77 

 

NR 
2.25  to         

-0.83 

57.6% of women involved sides fell within 

normative DEC score range 
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Table 2-3 Continued: 
 

Joint/ 

Movement 

Participants (N, 

gender, age) 
Machine 

Range of Motion/ 

Reps, Procedure 

Velocities 

(Gradient) 

Mean ±SD 

Max 

Mean ±SD 

 Non Max 

Tolerance 

Interval 

Cut-off 

# of Max 

Misclassified 

Sp 

(%) 

# of Non Max 

Misclassified 

Sn 

(%) 

Trunk Extension 

(Dvir, 1997) † 

2 (12m), healthy, 

21-37 yrs. old 

KinCom 

II 

 

40° (start at -10° ext.)/ 4 

intermittent, reciprocal Con-Ecc 

for max. 2-5 at 50% effort at 

BREP following 1 max. Max 1st, 

low vel. 1st,  feedback initially 

allowed on BREP 

 

20:60 

(1:3) 
021 ± 0.29 

50%Effort 

0.86±0.54 

BREP 

1.23±0.89 
1.01 NR N/A NR N/A 

Trunk /Extension 

(Dvir, 2001) 

35 (18m), healthy 

within 1 yr,  38.5 ± 

12.2 yrs. old, 

KinCom 

500H 

 

Two test sessions, 20° (10° flx-

10°ext),/ 3 intermittent, reciprocal 

Con-Ecc, max 1st, low vel. 1st, no 

mention of feedback 

 

10:40 

(1:4) 

 

 

Men 

0.08 ± 0.20 

1.10 ± 0.47 

(across both sessions) 
0.69 0/34 100 NR N/A 

Women  

0.07 ± 0.21 

0.83 ± 0.29 

(across both sessions) 
0.75 0/34 100 NR N/A 

 
Table Abbreviations: m = men, w = women; Max = maximal effort; BREP = best reproducible effort submaximal condition; Reps = number of repetitions; Con = concentric contractions; Ecc = eccentric contractions; Flx = 

flexion; Ext = extension; Rot. = rotation, Vel. = testing velocity (refers to lower or higher one). Inv = Involved. UnInv = Uninvolved. Sp (Specificity) = True negatives / (True negatives + False positives)*100; Sn (Sensitivity) = 

True Positives / (True Positives + False negatives)*100. NR = not reported. N/A = not available.  

*Dvir &David (1996) – used three testing conditions of maximal, 50%, and best reproducible effort (BREP condition).  

**David et al (1996) – tested crossover effect of effort order (max vs. submax and vice versa). DEC presented utilized windowed average force as use of peak force resulted in inferior results. Note that cut-off score does not utilize  

    tolerance intervals, and it is simply the score that optimized Sp and Sn within the sample. 

ɸ Chaler (2013) – cut-off scores based on recordings of the un-involved arm, and is composed of mean DEC score ± 2 SD.. Also report unsuccessful application of cut-off scores derived from healthy participants (Chaler, 2007).  

† Dvir (1997) – performed 3 different conditions of maximal, 50%, and best reproducible effort (BREP condition). DEC scores pooled across gender. 
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Table 2-4: Summary of SEC study protocols and performance. Note tolerance interval cut-off scores are reported at the 95% level of confidence 

covering 95% of the population. Abbreviations are similar to those in Table 2-2. 

Joint/ 

Movement 

Participants (N, 

gender, age) 
Machine 

Range of Motion/ 

Reps, Procedure 

Velocities 

(Gradient) 

Mean ±SD 

Max 

Mean ± 

SD 

Non Max 

Tolerance 

Interval Cut-

off 

# of Max 

Misclassified 

Sp 

(%) 

# of Non Max 

Misclassified 

Sn 

(%) 

Ankle/Dorsiflexion 

(Olmo,2009) 

 

38 (20m), healthy, 

30.9±13.2 yrs. 

 

Biodex 

System 2 

~60°/3 reciprocal con, 3 reciprocal ecc, 

max 1st, low 1st,  no feedback 
30 :120 (1:4) 4.10 ± 0.61 6.61 ± 6.92 5.60 0/38 100 25/38 34.2 

Ankle/Plantar flexion 

(Olmo,2009) 
Same as above 

Same as 

above 
Same as above 

 

Same as  

Above 

 

3.85±0.70 12.91±6.39 5.56 0/38 100 3/38 92.1 

Wrist (Torra Parra, 

2011) 

20 (m), healthy, 

20-40 yrs. old 
Contrex 

20° (-10°- 10°, 0° designates neutral), 

4 intermittent, reciprocal, Con-Ecc, 

max 1st, low 1st, no mention of 

feedback 

10:40 (1:4) 

 

Extension 

1.95 ± 0.26 

 

Extension 

2.69 ± 0.90  
2.66 NR N/A NR N/A 

 

Flexion 

2.29 ± 0.32 

 

Flexion 

2.80 ± 1.02 
3.17 NR N/A NR N/A 
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2.7 Multivariate Force-Time Based Decision Rules 

The studies elaborated upon so far have attempted to utilize a single muscle strength based 

variable for discrimination between maximal and non-maximal efforts. This approach may be 

argued to have advantages related to clinical ease of use. However, individual variables may not 

necessarily possess optimal discriminatory capabilities. In this context, it may be that a 

combination of strength-based variables may allow for a more accurate decision rule. Several 

investigations report the use of such an approach, and are herein elaborated upon. 

Smith et al. (1989) used a modified Jamar hand dynamometer to assess the ability of 5 

variables in discriminating between maximal and feigned static grip attempts performed by 43 

healthy participants of mixed sex, 18-55 years old. These variables were: 1) The ratio of the 

average and peak forces; 2) the coefficient of variation of the plateau region of the curve (i.e. the 

so-called force maintenance region); Two variables were devised to magnify the differences 

between peak and average forces: 3) The peak average difference and, 4) the peak-average root 

difference. Lastly, a fifth variable labeled the ratio difference was devised for comparison 

between so-called major (or dominant) and minor (or non-dominant) hands. The authors report 

use of decision rules for differentiating between efforts based on summed combinations of z-

score transformed values of each discriminator. The cut-off utilized was that corresponding to a 

95% summed z score (i.e. variable 1+variable 3; variable 1+variable 3+variable 4, and so on).  

For men, these decision rules yielded specificity values ranging from 90%-95%, and sensitivity 

values of 97.5%-100%. For women, specificity values ranged from 95.7% to 97.8%, and 

sensitivity values ranged between 76.1% and 93.5%.  

Several aspects of this investigation are of interest. First, when evaluating the discriminatory 

ability of the aforementioned variables individually, the specificity and sensitivity values are 
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quite similar for men. That is, for men, the use of multivariate-based decision rules did not 

improve test accuracy. However, an improvement was noted in the ability to classify women’s 

feigned attempts as such. Second, it should be noted that Shechtman et al. (2007) expressed 

reservations regarding the validity of the aforementioned discriminators proposed by Smith et al. 

(1989). Namely, Shechtman et al. (2007) elaborate that the peak-average root difference variable 

deals with such small variability, that it requires multiplication by 10
8
, and that it is susceptible to 

rounding errors. 

The application of the variables and the associated cut-off scores reported by Smith et al. 

(1989) for discriminating between maximal and non-maximal efforts of those with hand injuries 

was assessed by Chengalur et al. (1990). A total of 60 participants (30 men) performed 4 different 

efforts at 100%, and at 75%, 50%, and 25% of perceived maximum. Exemplar force-time traces 

from this particular investigation are presented in Figure 2.9.  When using the proposed 

discriminatory variables on an individual basis, more than 90% of the sincere efforts of both men 

and women were classified correctly. Men’s non-maximal efforts were classified correctly 75%-

85% of the time and between 60% and 77% for women (dependent on the discriminatory variable 

utilized). However, the use of cut-off scores originating from the sum of multiple variables 

resulted in better results. In specifics, maximal efforts were classified correctly 96.7% of the time, 

whilst the best summed combination classified correctly 85% of non-maximal efforts. For 

women, two variable sums resulted in a 100% detection rate for maximal efforts, whilst other 

combination yielded the best classification of non-maximal efforts of 83.3%. One interesting 

aspect was the optimal variable sum was not the same one for men and women. The reasons for 

this are unclear.  In addition, Shectman et al. (2007) note that although the method proposed by 
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Smith et al. (1989) and Chengalur et al. (1990) show promise, it has not been implemented in the 

clinical realm.  

 

Figure 2-9: Examples of isometric grip efforts of the injured hand performed at: (1) maximal 

voluntary contraction, and at (2) self-perceived 75%, (3) 50%, (4) and 25% of maximum. 

Adapted from Chengalur et al. (1990). 

 

With regards to isokinetic dynamometry-based testing, Hazard et al. (1988) extracted a 

multitude of variables from isokinetic-based moment-time curve obtained from performance of 

trunk extension and flexion efforts, as well as from force-distance curves obtained from an 

isokinetic lifting task (Figure 2.10). In this particular investigation, participants performed 

maximal efforts and non-maximal efforts at 50% of perceived maximum. Based on discriminant 

analyses, accuracy rates for classifying the effort produced ranged between 79%-90% for both 

tasks.   

In an investigation pertaining to the knee, Lin et al. (1996) reported testing  32 young, mixed-

sex participants during performance of maximal and submaximal (i.e. at 50% of perceived 

maximum) isometric and isokinetic knee extensions at 60°/sec and 180°/sec. Three outcome 

variables were extracted for differentiation purposes: The CV of the average moment; the CV of 
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the peak moment; and the slope to peak moment. The best differentiation capabilities were found 

when summing these 3 variables, with 100% and 84% of maximal efforts and submaximal efforts 

correctly detected for both isokinetic testing velocities. For isometric efforts, on the other hand, 

although 100% of maximal efforts were classified as such, only 44% of submaximal efforts were 

identified correctly. 

 

Figure 2-10: Examples of force-distance curves obtained for an isokinetic lift task. Several 

discriminatory measures were extracted from these curve for development of discriminatory 

models between maximal and non-maximal efforts. Adapted from Hazard et al. (1988). 

2.8 Other Approaches 

There have been several other propositions for discriminating between maximal and non-

maximal strength testing results. Some of these may be considered variants of previously 

described tests, whilst others propose either novel methodology or analyses methods for 

discriminating between maximal and non-maximal efforts. 

With regards to grip strength testing, Sindhu et al. (2012) attempted to combine the results of 

the five-rung grip test, the rapid exchange grip test (REG), and use the coefficient of variation 



 

58 

 

index to discriminate between maximal and submaximal attempts performed by 146 healthy, 

mixed sex participants.  The reasoning for this investigation relates to the common clinical 

practice of using multiple tests for determination of so-called effort sincerity (Shechtman and 

Goodall, 2008; Shechtman and Taylor, 2002). In addition, there is considerable overlap in 

protocol administration, which allows a multitude of data to be gathered in a short time period.  

The results attained showed that all 3 tests significantly contributed to the ability of 

differentiating between maximal and non-maximal grip exertions, with the CV contributing the 

most and the REG contributing the least.  The authors also report development of a logistic 

regression-based model based on results obtained from all tests. This model was found to offer 

superior within and out of sample predictive ability in comparison to each individual test or a 

reduced model consisting of results obtained from only two tests. However, when evaluating the 

performance of this full predictive model, sensitivity and specificity values were 73% and 84%, 

respectively. Given that aforementioned limitations of the 3 methods used, as well as the large 

error rates, the authors concluded that this approach for declarations related to participant 

sincerity of effort is not warranted in the clinical setting. 

In interesting recent study by, Shechtman et al. (2012) devised a static grip muscle strength 

testing procedure for differentiating between maximal and non-maximal efforts based on 

manipulation of a visual feedback force target level. In particular, the method relies on initial 

recordings of maximal efforts with no visual feedback, as per the American Society of Hand 

Therapists guidelines for grip strength testing (Fess, 1992). Then, a target line is set on an 

oscilloscope corresponding to what is supposedly the peak strength value recorded, and the 

participants are asked to perform another series of repetitions attempting to reach this target line 

(Figure 2.11). During performance, the target line is secretively adjusted such that the it 
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corresponds to twice the magnitude of the maximal force previously recorded, thus requiring the 

participant to exert on several repetitions twice as strong a force in order to reach it. This is done 

all whilst the position of the target line appears to be the same. The outcome variable used for 

discrimination is the percent change of peak force between trials made with the original target 

line and those with the ‘trick’ target line, with a higher value expected for submaximal trial 

performance.  The experimental sample consisted of 30 healthy, mixed sex, university aged 

adults. The overall sensitivity and specificity value attained at an optimal cut-off score of 50% 

difference for both men and women were 83% and 93%, respectively. The percent change values 

for maximal efforts were, on average, 28%. That is, peak force attained during performance with 

the modified target line was 28% higher than those with the original line. For submaximal efforts, 

the average percentage change was 69%. Whilst the results of this initial investigation seem 

promising, perhaps the most notable aspect of this investigation is the considerable improvement 

in maximal strength achieved with the particular feedback provided.  

 

Figure 2-11:  Examples of force-time curve for a static grip effort with force target line. Changes 

in oscilloscope gain enabled setting the target line at twice the numerical magnitude without 

affecting its location on the screen. Adapted from Shechtman et al. (2012). 

In another study incorporating both grip and pinch strength, Schapmire et al. (2002) tested 100 

asymptomatic adults (50 men, mean age across sample 24 years old) who were asked to 
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simultaneously exert efforts in 2 conditions: The first consisted of maximal efforts with both 

hands, one measuring grip strength and the other measuring pinch strength. The second involved 

one hand exerting ‘approximately 50%’, whilst the other exerted maximal effort, again using a 

combination of grip and pinch strength exertions. In addition, participants performed unilateral 

grip testing at different handle positions, as well as unilateral pinch strength testing. A multitude 

of criterions were established for differentiating between the two effort levels, including the 

number of CV’s above 15%; the average CV; the number of times the absolute percentage of 

change in score between the bilateral and unilateral results exceeded 15%; and others. The 

authors report that using these criteria, 94% of participants were unambiguously correctly 

classified as exerting maximal or non-maximal efforts. The author’s note, however, the problems 

associated with using CV based scores for differentiation purposes. In addition, whilst the testing 

instruments used are common in the clinical setting, the scoring of results would be impractical 

without specialized software. Lastly, as with many other studies, only one type of non-maximal 

effort was performed, and generalization of results from the sample was not performed. 

In a unique investigation concerned with dynamic grip strength, Shechtman et al. (2007) 

proposed an approach for differentiating between maximal and non-maximal (feigned) efforts 

utilized to document linear inverse relationship between strength and velocity in the mid-ranges 

of isotonic maximal efforts. The researchers hypothesized that, during performance of non-

maximal efforts, the inability to replicate both torque and speed of movement would result in 

deviation from the expected linear relationship, hence allowing differentiating between the two 

effort types. The study involved healthy participants, with task demands involving dynamic 

squeezing force exertions at loads of 20%, 30%, and 40% of a reference isometric effort. The 

measure used for differentiation between maximal and non-maximal efforts was r
2 
value of a 
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regression analysis used to assess the linear relationship between torque and velocity (Figure 2-

12). An optimal cut-off score of r
2
 = 0.80 yielded sensitivity and specificity values of 69% and 

72%, respectively. The authors concluded that the discriminatory performance of the test does not 

justify its current use in the clinical realm. 

 

Figure 2-12: Mean torque-velocity curves for maximal and submaximal efforts across all 

participants (n=32). Adapted from Shechtman et al. (2007). 

 

In addressing neck musculature, Vernon et al. (2010) report on using a simple uni-axial load 

cell for measurement of maximal and insincere effort exertions of 20 healthy, mixed sex 

participants who  performed flexion, extension and lateral bending efforts to both sides. Although 

the study did not derive decision rules for differentiating between the two effort types, the authors 

elaborate that a worthwhile variable for discriminating between maximal and non-maximal neck 

strength exertions is the flexion/extension strength ratio. In specifics, it was noted that the 

normative ratio for maximal efforts is, on average, around 0.60. During performance of insincere 

efforts, the value of this ratio increased to 1.12. Interestingly, this value is considerably larger 

than ratios obtained from those suffering from neck pain where reported average values across 
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studies ranging between 0.21and 0.43 (Cagnie et al., 2007; Prushansky et al., 2005; Vernon et al., 

1992). The authors thus argue that the flexion/extension ratio may serve well for discriminatory 

purposes. 

There are also several studies describing novel testing protocols or outcome variables 

pertaining to the use of the isokinetic dynamometry:  Birmingham and Kramer (1998) suggested a 

testing protocol composed of isokinetic and isometric measurements, with the discriminator being 

a difference score attained by subtraction of the average peak isokinetic strength values from 

those obtained from during isometric exertions.  The rationale for use of this difference score is 

similar to that of the DEC, namely exploiting the possibility that such a difference is more 

difficult to maintain during submaximal effort attempts. Although statistically significant 

differences were found for maximal and submaximal difference scores, no cut-off score was 

proposed. Examination of the effect size estimate (~ 0.5) suggests that the proposed measure has 

only moderate discriminatory capabilities. In addition, the authors also assessed the 

reproducibility of this particular discriminatory measure, and concluded that the precision of 

measurements were clinically unacceptable.   

Columbo et al. (2008) introduced an interesting approach based on an expected decline in 

moment production during performance of multiple continuous repetitions due to fatiguing 

effects. In particular, the testing protocol, which was performed by 20 healthy participants, 

entailed performance of 15 isokinetic knee extension/flexion repetitions performed at 240°/sec in 

both maximal and a submaximal condition corresponding to 50% of perceived maximum.  The 

slope of a linear regression served as the outcome variable. The slopes for maximal efforts were 

all negative, whilst those obtained from submaximal efforts were close to zero or positive (Figure 
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2.13). Using a cut-off score of -1.22, sensitivity and specificity values of 100% and 95% were 

obtained, respectively.   

 

 

Figure 2-13: Peak moment values for 15 repetitions and a fitted linear regression model for 

differentiating between maximal (MX) and submaximal (SMX) isokinetic efforts. The abscissa 

presents the contraction number, whist the ordinate represents the strength values (in Nm).  The 

slope of the regression line served as the differentiating variable. Adapted from Columbo et al. 

(2008). 

2.9 Summary 

The purpose of this chapter was to provide an overview of methods proposed for 

differentiating between maximal and non-maximal muscular efforts. Several of these methods are 

used by clinicians in assessments related to pre-employment screening, readiness to return to 

work following injury, as well as for determination of impairment or disability ratings. The 

overview identified both the strengths and limitations of these methods and from these, several 

points are of interest for consideration in the design of future experiments in this topic area. 
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The first point relates to the accounting of total measurement error in the development of the 

decision rules meant for declaration of muscular effort as being maximal or not. In this context, 

note that the “error” term denotes the uncertainty associated with an observed score, and which 

may stem from either or both systematic and random components (Atkinson and Nevill, 1998; 

Hopkins, 2000). Incidentally, it has been recommended that these two error components should 

be evaluated separately, since this would allow identification of the possible reasons for 

measurement error occurrence, and subsequently devising of methods for reducing their 

magnitude (Hopkins, 2000). In relationship to isokinetic dynamometry-based muscle strength 

testing, systematic error has been attributed several factors, including task learning effects 

(Atkinson and Nevill, 1998). On the other hand, random errors may occur, among others, due 

slight differences in alignment of the joint’s axis of rotation and the mechanical axis of the 

dynamometer, as well as due to inconsistent stabilization of other body segments, or of feedback 

provided to the participant (Dvir, 2004).  

With the assumption that the testing equipment is not the main source of potential variations in 

scores, it is thus important to take into consideration measurement errors induced by the human 

factor, be it the examiner or examinee. From a practical perspective, this would necessitate testing 

on at least two separate occasions, as well as testing of the same individual by different 

examiners.  

The second point in need of consideration is the generalization of results from the 

experimental sample to the population it represents. The impracticalities of testing a large number 

of participants are an acknowledged problem in research pertaining to human performance. 

However, it is important to acknowledge this aspect, as non-generalization of results would 

potentially lead to overly optimistic decision rule discrimination performance. That is to say, it is 
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unlikely that decision rules for differentiating between maximal and non-maximal efforts 

developed using a particular sample will exhibit the same performance if testing another sample 

of similar characteristics, simply due to variations in the population. Thus, a recommendation in 

future investigations is to utilize statistical techniques to obtain estimates of outcome measure 

score coverage in the population.  

The third point, which was also noted by Robinson and Dannecker (2004), is that many of the 

investigations in this particular research domain have utilized convenience-type participant 

samples composed of healthy, young adults. It is likely that the reason for this relates to the 

practicalities associated with recruitment of such participant samples in university settings. In 

addition, it may be argued that testing of participants with no physical signs of injury is a 

necessity, since such cases are encountered in the clinical realm. However, it is clear that there is 

a need to validate the decision rules developed using the healthy by testing of symptomatic 

participants (Robinson and Dannecker, 2004). This point is of particular importance since such 

participants may not be able or willing to exert maximal voluntary efforts due to a combination of 

physiological and psychological reasons. 

Another point which arises primarily from the limitations of the coefficient of variation is that 

the outcome measures used for discrimination purposes should be completely insensitive to the 

absolute magnitude of muscular strength exerted. This point is of extreme importance, since use 

of such outcome measures would eliminate any bias towards those that may be weaker. In 

relation, the overview elaborated upon one approach taken for differentiating between maximal 

and non-maximal efforts, namely that based on the within-set consistency of performance. This 

issue basically is concerned with quantification of variability in human performance, which is a 

topic of extensive research (Davids et al., 2006). Since previous research has shown that this is a 
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promising avenue for differentiating between maximal and non-maximal efforts, of special 

interest is the idea of exploiting these quantitative methods, some of which are not dependent on 

absolute magnitude,  to examine variability in the analyses of isokinetic moment-time series. The 

application of these quantitative methods would not only advance the use of isokinetic 

dynamometry in the medico-legal setting, but would also contribute generally to the use and 

interpretation of isokinetic-based strength scores in other settings. 
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Chapter 3 

Differentiating Between Types and Levels Isokinetic Knee Musculature 

Efforts 

Abstract 

This investigation assessed whether a measure of moment curve shape similarity, and a 

measure quantifying curve magnitude differences, enables differentiation between types (sincere 

vs. feigned) and levels (maximal vs. submaximal) of effort exerted during isokinetic testing of the 

knee. Healthy participants (n=37) performed 4 sets of 6 concentric knee extension-flexion 

repetitions on 2 occasions. The sets consisted of: 1) maximal effort; 2) self-perceived 75% of 

maximal effort; 3) self-perceived 50% of maximal effort, and; 4) a set attempting to feign injury. 

Average cross correlation and percent root mean square difference values were computed 

between moment curves in each direction. Logistic regression was used to derive decision rules 

for differentiating between maximal and submaximal effort levels; and between sincere and 

feigned effort types. Using a cutoff criteria corresponding to 100% specificity, maximal effort 

production could be ascertained with 96% sensitivity within the sample. Feigned efforts, 

however, could be ascertained with only 31% sensitivity due to overlap with sincere submaximal 

effort. Using the proposed models, clinicians may be able to ascertain in young, healthy 

participants whether maximal efforts were produced during isokinetic knee musculature testing. 

Additionally, evidence regarding the participant's intentions with regards to influencing test 

results may be gauged, although not conclusive without additional tests.  
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3.1 Introduction 

Muscle strength testing is regularly performed in medical, rehabilitative, occupational, and 

athletic settings. In these contexts, it is essential to determine the type and level of effort exerted 

by the participant during testing, as these may influence the values of outcome measures on 

which clinical decisions are based. This issue has been identified to be of particular importance 

when results of muscle strength testing are used to aid in decision making concerned with 

possible impairment or disability ratings following injury (Lechner et al., 1998; Robinson and 

Dannecker, 2004). 

During testing, several factors may limit the participant from exerting their voluntary maximal 

effort. These may include: the presence of injury or pain, apprehension to perform due to fear of 

injury or pain, misunderstanding of examiner instructions, anxiety, depression, post-traumatic 

stress disorder, lack of understanding regarding the importance of the test, low self-efficacy, and; 

motivation of secondary gain (Dvir, 2004; Lechner et al., 1998).  In this latter factor, it is arguable 

that the intent of the produced effort may be different than those obtained in the presence of the 

former limiting factors. That is, a purposeful attempt may be made to influence test results in a 

manner that deceives the examiner into concluding the existence of deficiencies in muscular force 

producing capabilities. Thus, a distinction needs to be made regarding identification of effort type 

(sincere or feigned) and effort level (maximal or submaximal). 

An approach proposed for differentiating between types or levels of isokinetic-based efforts is 

based on qualitative observations of seemingly larger variations in successive moment curves 

obtained from submaximal or feigned efforts when compared to those obtained from maximal 

efforts (Ayalon et al., 2001; Hazard et al., 1988; Reid et al., 1991). Attempts to quantify these 

observed variations have primarily been achieved by calculation of a single representative 
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measure, namely the coefficient of variation (CV) of the peak or average moments obtained from 

successive repetitions (Birmingham and Kramer, 1998; Birmingham et al., 1998; Lin et al., 

1996). This approach has generally proven to be of limited clinical value due to the significant 

distribution overlap of scores for both conditions (Birmingham and Kramer, 1998; Birmingham et 

al., 1998; Dvir, 2004; Lin et al., 1996, Shechtman et al., 2006). A possible reason contributing to 

equivocal results maybe that the CV, a relative measure of variations in moment curve 

magnitudes, is insensitive to variations of other, perhaps more important, curve traits. 

Specifically, when evaluating moment curves depicted in the literature (Ayalon et al., 2001; 

Hazard et al., 1988; Reid et al., 1991) it appears that, in general, successive moment curves 

obtained from maximal efforts are very similar to each other in the sense that they reach a distinct 

peak value at the same point in the range of motion, with relatively smooth moment production 

prior and subsequent to the peak point.  In contrast, in successive moment curves obtained from 

submaximal or feigned efforts, several peaks and troughs appear at different parts of the range of 

motion, resulting in a relatively serrated curve appearance.  

A potential measure that may be sensitive enough to quantify the aforementioned qualitative 

observations is the cross correlation function (CC). When calculated with no phase shift, the CC 

is computationally similar to Pearson’s product-moment correlation coefficient (Derrick and 

Thomas, 2004), and has been previously used in this form for the assessment of curve shape 

similarities in studies related to human performance (e.g., Almosnino et al., 2009; Miller et al., 

2009; Umberger, 2008). However, it should be borne in mind that a limitation of the CC is its 

insensitivity to curve magnitude differences. For example, if two curves having exactly the same 

shape, but one is a scaled-down version of the other, then computation will result in CC of unity. 

Thus, sole reliance on CC scores may be disadvantageous, as it ignores previously identified 
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curve characteristics that may partly contribute to the ability to differentiate between effort types 

and levels. Incidentally, a simple measure that captures magnitude differences between 

successive curves, and has previously been used  to complement the assessment of curve shape 

similarity using the CC, is the percent root mean square difference (%RMSD) (e.g., Almosnino et 

al., 2009; Umberger, 2008).  

The purpose of this investigation was to examine whether an analyses considering both a 

measure of curve shape similarity and a measure quantifying curve magnitude differences 

improves the ability to differentiate between types and levels of effort exerted during isokinetic 

testing of the knee. Specifically, this investigation reports on the development of two prediction 

models utilizing the two aforementioned variables. The purpose of the first model is to establish a 

cutoff score for differentiating between maximal and submaximal or feigned efforts. The second 

model is aimed at establishing a cutoff score for differentiating between effort types; namely 

between sincere (both maximal and submaximal efforts) and feigned efforts. Both models were 

subsequently validated using a different sample of participants. 

3.2 Methods 

3.2.1 Participants 

Thirty seven healthy volunteers with no history of musculoskeletal injury participated in the 

model development phase of the study (21 males, age 23 ± 4 years, mass 81 ± 15 kg, height 1.78 

± 0.07 m; 15 woman, age 23 ± 3 years, mass 65 ± 10 kg, height 1.66 ± 0.07 m) and an additional 

17 participants of similar characteristics were recruited for the validation phase (11 males, age 22 

± 1 years, mass 76 ± 3 kg, height 1.78 ± 0.07 m; 6 woman,  age 21 ± 1 years, mass 63 ± 6 kg, 

height 1.70 ± 0.07 m).  None of the participants had previous experience with strength testing 

using isokinetic dynamometry. Written informed consent was obtained from all participants prior 
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to testing. The procedures in this investigation were approved by the University’s General 

Research Ethics Board (Appendix A)  

3.2.2 Procedures 

The experimental test session consisted of measurements of the concentric isokinetic strength 

of the knee extensors and flexors muscles of the dominant leg. Testing was done using the Biodex 

Multi-Joint system 3 isokinetic dynamometer (Biodex Medical Systems Inc., Shirley, NY, USA). 

Testing was performed in a seated position, with the chair’s back rest set at 85°, and the 

participant secured to the chair using two straps across the chest, and single straps at the pelvis 

and distal thigh of the tested limb. The dynamometers’ axis of rotation was aligned with the 

lateral femoral epicondyle, and the lever arm pad was secured to the participant’s distal shank at 

the level of the medial malleolus. Efforts were performed through 90° to 30° of knee flexion 

range of motion (RoM), where 0° indicate full knee extension) and at a preset angular velocity of 

60°/sec. The choice of RoM was due to our interest in establishing a normative database for 

future comparisons with injured participants, where performance through the commonly utilized 

90° RoM may be contraindicated. The choice of the angular velocity used was based on previous 

investigations in which the typical isokinetic curve shapes for the knee extensors and flexors have 

been described (Ayalon et al., 2002; Ayalon et al., 2001). 

The participants were instructed on the operation of the dynamometer, and thereafter 

performed 15 continuous repetitions at a self-perceived low effort level. This was followed by 3 

repetitions at a self-perceived medium effort level, and 2-3 practice sets consisting of 2-3 

maximal repetitions. To eliminate contributions of other body segments to the recorded efforts, 

the participants were instructed to grip the side handle bars, and to maintain constant contact of 
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their head with the chair’s headrest. Further, the participants were instructed to not decelerate the 

lever arm at end ranges of motion and that the risk of injury due to effort exertion was small.  

Following warm-up, the participants were instructed to perform 4 sets of 6 repetitions. The 

first set consisted of maximal, continuous knee extension/flexion repetitions. The second set 

consisted of efforts in which the participants feigned the presence of injury whilst trying to 

convince the examiner that they were exerting a maximal effort (Appendix C). Following, the 

participants were asked to complete a set at their self-perceived 50% and 75% of maximal effort. 

Prior to the performance of each of the submaximal effort sets, the participants were allowed to 

complete a self-selected number of practice repetitions in order to gauge to the best of their ability 

the level of effort required. The order of sets was such the maximal effort set was always 

performed first; the feigned effort set was always performed second; and the 2 submaximal sets 

were performed in a random order. A rest period of 2-3 minutes was provided in between sets. 

During testing, no visual feedback or audible encouragement on performance was provided, apart 

from a count of the number of repetitions performed. 

The participants were also tested on a second occasion that took place on average 10 (±5) days 

following the first test. The set order was the same across testing sessions, and performed at the 

same time of day. The same examiners performed all measurements and provided all instructions 

in both testing sessions. 

The dynamometer’s moment, angular velocity and position data outputs were sampled at 100 

Hz  using a 16-bit National Instruments analog to digital converter (model PCI-6036E, range of 

±5V) and custom data acquisition software (Labview 9.0, National Instruments, Austin, TX, 

USA). 
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3.2.3 Procedures for Acquiring Data used for Validation Purposes 

The second participant sample in the investigation, used for validation purposes, was tested 

only once. The procedures were identical to those described previously. During testing, the 

computer operator labeled each effort as maximal, and kept a separate list of the actual effort 

performed. The data, but not the list, was given to the principal investigator which, in effect, 

blinded the analyses of results. 

3.2.4 Data Analyses 

Data were divided into individual extension and flexion repetitions based on the angular 

position data, with only moment data obtained between 85°-35° considered further in the 

analyses. Correction for the effects of gravity was not included in the analyses due to the feigning 

strategy chosen by several participants. Specifically, several participants produced an effort level 

in which the moment magnitude was so low, that the preset angular velocity was not reached 

throughout repetition performance. The application of standard gravity correction procedures for 

these trials (i.e. gravitational moment modeled using trigonometry) resulted in severe curve shape 

distortion. In addition, due to data resolution limits, and the variable repetition time taken in those 

feigning sets where the preset angular velocity was not reached, the number of data points 

compromising successive extension or flexion repetitions was not equal in the majority of sets. 

As a consequence, all repetitions within a specific set were interpolated using a cubic spline 

function to the number of data points of that of the longest trial in the set. Then, normalized, zero 

phase shifted cross-correlations (Rxy) were computed between pairs of extension and flexion 

curves using the following equation (Derrick and Thomas, 2004; Oda and Moritani, 1996):  
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Where x and y represent data series of two different curves,  and  are the two curve’s mean 

value, i represents the i
th
 data point in the time series, N represents the number of data points of 

the longest trial in a particular set, and τ represents the time shift; which is equal to zero. 

For complementary assessment of magnitude differences between moment curves in each 

direction, percent root mean square differences (%RMSD) were calculated as follows 

(Mullineaux et al., 2001): 
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                                 Equation 3-2

 Term definitions are similar to the first equation. The calculations for both Rxy and %RMSD 

were done for repetitions 2 through 5 each by each, resulting in a total of 12 Rxy values; 6 per 

direction. All analyses were performed using MatLab 7.5.0 (R2007b) (The Mathworks Inc., 

Natick, MA, USA).  

3.2.5 Statistical Analyses 

For model development, the average correlation coefficient value served as each participant’s 

representative curve shape similarity score for each effort exerted. Computation of this average 

value involved the application of a Fisher Z transformation procedure (Derrick and Thomas, 

2004). Subsequently, Rxy scores for extension and flexion were averaged to yield a single 
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measure which could range between -1 and 1. %RMSD values obtained for each direction were 

also averaged to yield a single representative score for each set; with score range which could 

range between 0 and infinity.  

Next, two prediction models were created using the Rxy and %RMSD scores to classify effort 

as: 1) maximal versus non-maximal and 2) feigned versus sincere. Both prediction models were 

estimated by logistic regression and thus have the form: 

                           RMSDbRbb
p

p
xy %

1
ln 210 










                            Equation 3-3 

where ln is the natural log, b0, b1 and b2 are maximum likelihood logistic regression coefficient 

estimates, and p is the estimated probability of the effort being maximal (model 1) or feigned 

(model 2). The logistic prediction models yielded decision rules of the form:  

                                               cRMSDbRb xy  %21                               Equation 3-4 

where c (the cutoff) was selected to achieve 100% specificity in the development sample (Lin 

et al., 1996; Shechtman et al., 2007). In other words, the cutoff score for the first model was set 

such that no maximal score would be classified as either submaximal or feigned. Conversely, the 

cutoff score for the second model was set such that no sincere maximal or submaximal effort was 

classified as feigned. There is of course no guarantee or expectation that these decision rules will 

achieve 100% specificity in new or larger samples. Monte Carlo simulations were therefore used 

to estimate the cutoff values required to achieve 99.0% and 99.9% specificity for predicting non-

maximal efforts. These cutoffs were then applied to our development sample to obtain the 

corresponding sensitivities. Among maximal efforts in our sample, it was observed that Rxy and 

%RMSD were independent of each other and followed beta and log-normal distributions 
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respectively. Subsequently, we generated one million random independent pairs of values 

following the beta and log-normal distributions with parameters estimated by applying the 

method of moments to our sample of maximal efforts. The cutoffs required to achieve a decision 

rule with 99.0% and 99.9% specificity from our prediction models were then identified. Similar 

simulation for predicting feigned efforts were not warranted since an acceptable sensitivity could 

not be achieved with high specificity within the development sample. 

Lastly, scores obtained from the second sample were inputted into the two prediction rules for 

validation purposes.  

3.3 Results 

Figure 1 show exemplar moment curves obtained for maximal, submaximal, and feigned 

efforts. Readily observed is the within-set shape and magnitude consistency of curves obtained 

from maximal efforts in comparison to those obtained from all other efforts. Also noticeable is 

the relatively larger change in successive curve shapes and magnitudes in the feigned effort 

condition in comparison to the all other efforts.   

Table 1 outlines average peak moment values obtained for each direction and effort level. 

With the exception of the 50% effort extension scores on day 2, the participants, on average, fell 

short of producing the desired 50% or 75% submaximal effort level in both testing sessions. With 

respect to the feigned efforts, the average peak moments for both direction and across testing 

sessions were, on average, the lowest of all efforts performed. However, examination of the 

percentage standard deviation values for the feigned efforts indicates somewhat larger variability 

for this condition.  

Table 2 presents descriptive statistics; whilst figure 2 shows a scatter plot of the two outcome 

variables obtained for each effort in each of the testing sessions. Clearly visible is the clustering
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Figure 3-1: Exemplar moment-time curves obtained from a participant in the investigation: a) Maximal effort (Rxy = 0.97 and %RMSD = 3.91); b) 

50% submaximal effort (Rxy= 0.88 and %RMSD = 11.23); c) 75% submaximal effort (Rxy= 0.65 and %RMSD = 26.99); d) Feigned effort (Rxy= 

0.80 and %RMSD = 50.79). Axes values are concealed in order to center attention to the conspicuous differences in curve shapes across efforts.
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Table 3-1: Average peak moment scores (Nm) for each effort level and testing day, and 

percentage of actual effort performed at each submaximal and feigned sets in relationship to 

maximal efforts (in parenthesis). All values presented as group mean ± standard deviation. 

 

1
st
 Sample of Participants  

 (Used to Construct Models, n = 37) * 

2
nd

 Sample of 

Participants 

 (Used to Validate 

Models, n = 17) * 

Effor

t 

Ext Day 

1 

Ext Day 

2 

Flx Day 

1 

Flx Day 

2 

Ext Flx 

Maxi

mal 

180±51 

(100%) 

181±52 

(100%) 

85±29 

(100%) 

89 ±32 

(100%) 

169±56 

(100%) 

84±25 

(100%) 

75% 

111± 44 

(60%±16%) 

126± 39 

(70%±13%) 

51±25 

(59%±19%) 

57±23 

(65%±18%) 

110±55 

(64%±21

%) 

55±24 

(65%±2

0%) 

50% 

83± 39 

(45%±17%) 

96±37 

(53%±14%) 

37±21 

(43%±18%) 

43±22 

(48%±17%) 

84±43 

(49%±20

%) 

38±23 

(45%±2

3%) 

Feign

ed 

75±49 

(41%±22%) 

81±40 

(45%±20%) 

33±27 

(38%±28%) 

40±26 

(45%±27%) 

57±53 

(33%±23

%) 

30±25 

(34%±2

3%) 

* Note that data are pooled for male and female participants. In addition, average peak moment values were not corrected for the 

effects of gravity (see methods section for elaboration). Ext = Extension, Flx = Flexion. 

 

Table 3-2: Descriptive statistics for the average of the cross correlation scores (Rxy) and of the 

average of the % root mean square differences scores (%RMSD) for each of the two samples of 

participants. Data are shown per effort level and testing day and are presented as group mean ± 

standard deviation (score range in parenthesis).  
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1
st
 Sample of Participants 

(Used to Construct Models) 

2
nd

 Sample of 

Participants (Used to 

Validate Models) 

 Rxy %RMSD Rxy %RMSD 

Eff

ort 

Day 1 Day 2 Day 1 Day 2 Day 1 

Ma

ximal 

0.96 ± 

0.02                                           

(0.93 to 

0.99) 

0.96 ± 

0.02               

(0.92 to 

0.99) 

6.63 ± 

1.77                         

(3.70 to 

11.50) 

6.92 ± 

1.94                       

(3.80 to 

12.16) 

0.96 ± 

0.02                                           

(0.92 to 

0.99) 

7.26 ± 

1.63                       

(4.48 to 

9.98) 

75

% 

0.78 ± 

0.17                          

(0.23 to 

0.96) 

0.82 ± 

0.13             

(0.52 to 

0.97) 

17.43 ± 

6.34               

(9.04 to 

39.21) 

16.58 ± 

5.43                         

(8.66 to 

31.07) 

0.84 ± 

0.10                                           

(0.59 to 

0.96) 

20.70 ± 

5.22                       

(13.12 to 

31.95) 

50

% 

0.78 ± 

0.17                               

(0.37 to 

0.95) 

0.80 ± 

0.18              

(0.05 to 

0.96) 

18.31 ± 

4.92                   

(9.82 to 

30.27) 

16.22 ± 

5.44                               

(8.37 to 

36.17) 

0.77 ± 

0.14                                          

(0.51 to 

0.96) 

23.01 ± 

4.25                      

(12.88 to 

29.07) 

Fei

gned 

0.58 ± 

0.24                                

(0.07 to 

0.92) 

0.61 ± 

0.25             

(0.11 to 

0.96) 

44.57 ± 

31.66                   

(14.4 to 

125.0) 

38.50 ± 

28.52                            

(9.30 to 

147.6) 

0.48 ± 

0.28                                           

(0.02 to 

0.87) 

55.54 ± 

27.49                            

(11.76 to 

98.84) 
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of maximal effort scores in a relatively narrow range of high Rxy and low %RMSD values. In 

addition, no significant relationship is seen between the two outcome variables in the 

performance of maximal efforts (Pearson’s product moment correlation r = -0.03, p > 0.05). Also 

of interest is the noticeable upper middle-left region of the plot that contains only feigned effort 

scores. These are characterized by low to moderate Rxy scores and very high %RMSD values in 

comparison to the other efforts.  Just as obvious, however, is the fact that the score distribution 

for the feigned efforts reveal extensive variability, which manifests in overlap with scores 

obtained from submaximal but not maximal efforts.  

The estimated logistic models for predicting submaximal and feigned efforts were: 

RMSDR
p

p
xy %02.19.672.54

1
ln 










 

and RMSDR
p

p
xy %16.02.29.2

1
ln 










 

respectively. The left hand term, known as the logit, estimates the natural log of the odds of the 

effort being submaximal in the first model and feigned in the second model. Receiver operator 

characteristic curves of the two models are presented in figure 3. From these models, we derive 

the decision rules presented in table 3, with the corresponding cutoff lines illustrated in figure 2. 

The first decision rule uses the cutoff required to maintain specificity at 100% within our 

development sample; the corresponding sensitivity is 96.4%. Using the cutoffs that resulted in 

decision rules with 99.0% and 99.9% specificity in our simulation study yielded 95.5% and 

89.6% sensitivity in development sample, respectively. Of note that, even when utilizing these 

strict cutoff scores, none of the feigned efforts are misclassified as being maximal efforts. 

With respect to the results obtained using the 2
nd

 model; at the cutoff value where none of the 

sincere maximal or submaximal scores are classified as feigned; the sensitivity is 31%.  
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Figure 3-2: Scatter plot of the average % root mean square differences scores (%RMSD) vs. the average of the cross correlation scores (Rxy). Data 

for the 1st sample from the first testing session are labeled in red, whilst data obtained from the second testing session are labeled in blue. Data in 

green are that of the 2nd sample of participants. Also plotted are the cutoff lines for the different models. The model numbers correspond to those 

presented in Table 2, where models 1, 2, and 3 are meant for predicting maximal efforts and model 4 is meant at predicting feigned efforts. Also 

shown are the histogram plots of Rxy and %RMSD scores obtained for the maximal effort condition. 
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Table 3-3: Performance of decision rules for differentiating between types and levels of isokinetic knee extension/flexion efforts.  

    Number of misclassifications by effort level* 

# Description Decision Rule 

S

n Overall 

M

ax 50% 75% Feigned 

1 

Cutoff set to maximize the 

sensitivity while maintaining 

100% specificity in 

development sample 

Declare submaximal effort 

if: 

67.9(Rxy) -1.02 (%RMSD) < 

53.5 

9

6.4 

8/296 

 (3/148-5/148) 

0/

74 

3/74 

 (1/37-2/37) 

5/74 

 (2/37-

3/37) 

0/74 

2 

Cutoff set to maximize the 

sensitivity while maintaining 

99.0% specificity in simulation 

study. 

Declare submaximal effort 

if: 

67.9(Rxy)  -1.02 (%RMSD) < 

52.2 

9

5.5 

10/296 

(5/37-5/37) 

0/

74 

3/74  

(1/37-2/37) 

7/74 

(4/37-3/37) 

0/74 

3 

Cutoff set to maximize the 

sensitivity while maintaining 

99.9% specificity in simulation 

Declare submaximal effort 

if: 

67.9(Rxy)  -1.02 (%RMSD) < 

8

9.6 

23/296 

(10/148-

13/148) 

0/

74 

11/74 

 (5/37-6/37) 

12/74 

 (5/37-

7/37) 

0/74 
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study. 49.2 

4 

Cutoff set to maximize the 

sensitivity while maintaining 

100% specificity in 

development sample. 

Declare feigned effort if: 

 0.16(Rxy)  -2.1(%RMSD) ≥ 

5.87 

3

1.1 

51/296 

(23/148-

28/148) 

0/

74 

0/74 0/74 

51/74  

(23/37-28/37) 

* The numbers before the parentheses are summed over the two sessions while numbers in the parentheses refer to the first and second session.  

    Sn = Sensitivity (%), Max = maximal effort. 
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Figure 3-3: Receiver operating characteristics curves for: a) Model identifying submaximal effort, b) Model identifying feigned effort. Area under 

the curves (and accompanying 95% confidence intervals) equaled 0.996 (0.990 to 1.00) and 0.9019 (0.853 to 0.949), respectively. 
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Lastly, the summary of validation scores obtained from the second group of participants is 

shown in table 2. All efforts performed by this group were correctly classified as either being 

maximal or not, but 41% (7/17) of the feigned efforts were misclassified. 

3.4 Discussion 

In comparison to earlier investigations, the decision rules presented are markedly better in 

their ability to ascertain the performance of maximal efforts (Birmingham and Kramer, 1998; 

Birmingham et al, 1998; Bohannon and Smith, 1988; David and Dvir, 1996; Dvir and David, 

1998; Lin et al., 1996; Robinson et al., 1997; Robinson et al., 1994). This is especially 

noteworthy considering that we attempted to differentiate between maximal efforts and the 

combination of two self-perceived levels of sincere submaximal efforts and feigned efforts. To 

our knowledge, all other investigations, with the exception of Dvir and David (1998), have 

utilized comparisons between maximal and only one condition of either a submaximal effort level 

or feigned efforts. It is also worth mentioning that the decision rules derived in our investigation 

take into account possible score variations arising from measurements performed on separated 

occasions, and this has not been considered by the majority of earlier investigations. 

We attribute the marked improvement in the ability to ascertain maximal effort production to 

the efforts taken to eliminate extraneous factors that were identified a-priori as having the 

potential to confound the results; especially those obtained from maximal efforts. These factors 

include the participant’s unfamiliarity with task at hand; fear of injury; lack of understanding 

regarding the importance of the test or testing procedures; and low motivation to perform. The 

implications of this were that a relatively large number of repetitions were performed during 

warm up, and specifically maximal efforts. In addition, detailed instructions on correct 

performance were given to the participants prior to testing, as well as testing procedures 
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administered by the same personnel. This, in our opinion, ensured the participants were fully 

aware of the efforts expected from them; removed contribution of other body segments to the 

recorded efforts; and eliminated potential inter-examiner induced variability.  

Another factor we attribute to successfully being able to ascertain maximal effort production is 

the fact that the predictor variables used in our investigation were not related when performing 

maximal efforts. Thus, the CC and %RMSD supplement each other by providing different 

information of participants’ muscular capabilities in this specific condition. It should be noted 

also that the average scores obtained for the outcome variables are based on 12 different curve 

comparison scores. This has the added benefit of minimizing the effects of outliers on outcome 

values; and in effect addresses some of the limitations inherent to the calculation of the CV.  

This investigation also differs from previous ones in the fact that an attempt was made to 

differentiate between feigned and sincere efforts, where in the latter effort type both maximal and 

sincere submaximal efforts were considered.  This design was based on the notion that 

participants may produce different levels of submaximal effort due the presence of several 

inhibiting factors, none of which may be the purposeful attempt to deceive.  In this respect, our 

investigation offers some evidence that isokinetic moment curves contain information related to 

the participants’ cognitive intent, and thus may possibly be used for purposes of differentiating 

between feigned and sincere efforts. This prospect is appealing considering the following: 1) we 

were able to show differentiation capability (albeit limited) between feigned and sincere 

submaximal and maximal efforts using very basic time-series analyses tools. The use of more 

advanced curve shape analyses techniques might improve upon the test’s sensitivity; 2) The 

combination of the cutoff criteria (that no maximal or submaximal sincere efforts would be 

classified as feigned) and the statistical method used are largely insensitive to the conspicuously 
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high %RMSD scores obtained for the feigned effort condition. The decision to use cutoff criteria 

of 100% specificity was largely dictated by the potential use of the proposed model in the 

medico-legal arena. In this setting, there are considerable ramifications to misclassification of 

sincere efforts as feigned ones. Specifically, from a patient’s perspective; falsely being labeled as 

having produced feigned efforts may result in loss of financial compensations that are fully 

deserved, as well as potentially being subjected to further legal actions. From a clinician’s 

perspective, however, the potential implications of incorrectly classifying a patient’s effort as 

feigned are arguably as severe.  Namely, if it is eventually found that the patient did in fact 

produce sincere efforts, than the clinician may be held accountable for his wrongful decision.  In 

the current investigation, the necessity to consider these aforementioned implications, as well as 

the linear nature of the statistical model, resulted in the need to accommodate the presence of 

outlier scores present in the sincere effort condition (see figure 3.2). These outlier scores 

considerably influenced the sensitivity value obtained (31%). However, as an intriguing 

comparison meant to highlight the potential use of isokinetic moment curve analysis in discerning 

between feigned and sincere efforts, consider that for the polygraph test (i.e. the so called “lie 

detector test”), the reported sensitivity is 76%. However, the corresponding specificity is a mere 

63% (Brett et al., 1986). In comparison, applying a cutoff value corresponding to a sensitivity of 

76% using the second model created in our investigation (which is used to discern between 

sincere and feigned efforts), the corresponding specificity is 80%; which comparatively, may be 

considered a marked improvement.  

In the current investigation, testing was performed at only one angular velocity. A related 

question is whether the proposed methods may be successfully applied to other testing velocities. 

We contemplate that this may be possible if consideration is given to the following: if testing at 
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lower angular velocities than the one used in this investigation, than administration of a lower 

number of repetitions may be necessary to avoid the effects of fatigue on muscle force producing 

capabilities during maximal effort sets. On the other hand, if testing at higher testing velocities 

than the one employed in this investigation, than it should be recalled that the number of data 

points available for analyses is markedly reduced for a given range of motion and sampling rate. 

The smaller number of data points might attenuate differences in curve shapes between 

conditions. Thus, during performance of submaximal or feigned efforts, relatively high CC scores 

may be recorded simply due to this fact. However, to what extent and at which testing velocity 

this effect may be most pronounced requires further investigation.  

3.5 Conclusion 

In conclusion, this investigation reports upon the development and validation of prediction 

models meant for differentiating between knee isokinetic musculature effort types and levels. 

Using the proposed models, clinicians may be able to ascertain, in young, healthy participants, 

whether maximal efforts were in fact produced. If this was not the case, evidence regarding the 

participant’s intentions to purposefully attempt to influence test results may be gauged, although 

to a limited extent.  Future research planned in our laboratory will utilize participants with known 

limiting factors; explore the use of more advanced data analyses techniques; as well establish 

similar discriminatory models for other joints.  
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Chapter 4 

Ascertaining Maximal Effort Production during Isokinetic Knee 

Strength Testing of People who Underwent Anterior Cruciate 

Ligament Reconstructive Surgery  

Abstract 

The objective of this investigation was to assess the performance of decision rules meant for 

declaration of efforts as being maximal or not during isokinetic strength testing in a cohort that 

underwent anterior cruciate ligament reconstruction. Thirty six individuals performed 4 sets of 6 

reciprocal concentric knee extension/flexion repetitions at a testing speed of 60°/sec through a 

60° range of motion. The sets consisted of: a maximal voluntary effort; two submaximal sincere 

efforts at 50% and 75% of self-perceived maximum; and a set attempting to feign or exaggerate 

thigh muscle strength deficiencies. Strength curve consistency measures, namely cross correlation 

and percent root mean square difference scores were inputted into the decision rules, whose 

performance is reported as specificity and sensitivity percentages. Of the total 36 maximal effort 

attempts, 35 were classified correctly. Of the total 108 submaximal and feigned efforts, 6 were 

misclassified as being maximal. When expressed on an individual participant basis, the decision 

rule’s corresponding specificity and sensitivity values are 97.2% and 94.4%, respectively.  Using 

the decision rules presented in this investigation, clinicians may be able to ascertain maximal 

effort production during isokinetic testing in those that have undergone surgical reconstruction of 

their anterior cruciate ligament. 
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4.1 Introduction 

The assessment of musculature strength capabilities following injury is thought to provide 

information relevant for patient treatment. Irrespective of the joint musculature assessed, the 

validity of the obtained results is reliant on the notion that the participant exerted their maximal 

voluntary effort during testing (Dvir, 2004). Given this, there is a definite clinical need to 

substantiate the level of effort (i.e. maximal or submaximal) exerted by the patient during testing. 

In addition, it may be also useful in particular situations to corroborate the type of effort 

produced. That is, it may be of value to ascertain whether the participant exerted a sincere effort, 

irrespective of whether this effort was performed at a maximal or submaximal level; or whether 

the effort was produced with an underlying intent to deceive the examiner into concluding 

deficiencies in musculature strength capabilities. 

In a previous investigation presented in Chapter 3 of this dissertation, predictive decision rules 

for ascertaining the level or type of effort produced were established for isokinetic-based, 

concentric knee extension and flexion strength measurements utilizing a cohort of healthy 

participants (Almosnino et al., 2011). The utilization of healthy participants is common in 

investigations concerned with differentiating between effort levels and type (Ayalon et al., 2001; 

Birmingham and Kramer, 1998; Birmingham et al., 1998; Dvir and David, 1996; Lin et al., 1996), 

and this practice is most likely related to: 1) the ease of accessibility to healthy participants versus 

patient populations, and 2) the need, particularly in the medico-legal setting, to take into 

consideration efforts produced from participants that claim injury or dysfunction, yet no other 

indications in support of these claims exist (i.e. physical signs). However, determining whether 

decision rules developed using healthy participants may also be applied in case of participants 
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with or recovering from injury is pertinent for generalization purposes (Robinson and Dannecker, 

2004).  

As such, the purpose of this investigation was to assess whether the predictive decision rules 

for ascertaining maximal effort production during isokinetic-based concentric knee strength 

testing developed using healthy participants, may be utilized for decision purposes in a patient 

population. For this purpose, we have chosen to test those who have undergone surgical 

reconstruction of the anterior cruciate ligament (ACL). The choice of this patient population was 

motivated by: 1) the relatively large numbers of this particular surgical procedure  performed at 

our hospital; 2) the prevalent use of isokinetic dynamometry for assessment of knee musculature 

strength in this patient population, and in relation; 3) findings suggestive that some of those who 

underwent ACL reconstructive surgery may be experiencing psychological and physiological 

changes that may limit exertion of maximal voluntary muscular efforts of either the knee extensor 

or flexor muscle groups throughout the entire set. These may include variable antagonistic 

muscular activity (Bryant et al., 2011), quadriceps reflex inhibition (Snyder-Mackler et al., 1994),
 

and fear of movement (Kvist et al., 2005). 

4.2 Methods 

4.2.1 Participants  

Participants were recruited from a list of patients that had undergone surgical reconstruction of 

their ACL within a time frame of 2 – 36 months. Study exclusion criteria were identified using a 

self-report medical questionnaire and physician consultation, and included: being diagnosed with 

or being at risk of developing high blood pressure levels; and carotid and coronary artery disease; 

current use of medication that may elevate blood pressure; and recurrent episodes of dizziness or 

fainting.  In addition, participants were screened by their orthopaedic surgeon using standard 
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clinical tests for any contraindications for performance of maximal knee musculature efforts 

using isokinetic dynamometry. The participants were informed by way of an introduction letter 

and then verbally about the aims of the study; the procedures to be used and any potential risks 

arising from them. Thereafter, written informed consent was obtained from all participants. The 

study procedures were reviewed for ethical compliance and received approval by the Queen’s 

University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (Appendix 

A).  

In total, 36 participants undertook the study (15 men, mean ± SD age: 28 ± 11 years, height: 

178 ± 6 cm, weight: 84 ± 14 kg.; 21 women, age: 29 ± 10 years, height: 167 ± 4 cm, weight: 64 ± 

11 kg). In 26 of these patients, a hamstring autograft was used for ACL reconstruction, whilst a 

patellar tendon autograft was used for ACL reconstruction in the remaining 10 patients.  Average 

time of testing following surgery was 12 ± 7 months (range 2.5 to 28 months). Four of the 

participants had previous experience with isokinetic-based strength testing. 

4.2.2 Procedures 

Strength testing procedures emulated to a large extent those reported previously (Almosnino et 

al., 2011). In brief, measurements of the concentric isokinetic strength of the knee extensors and 

flexors muscles of the ACL reconstructed knee were performed using a commercial isokinetic 

dynamometer. (Biodex Multi-Joint system 3, Biodex Medical Systems Inc., Shirley, NY, USA).  

Testing was performed in a seated position, with the chair’s back rest set at 85°, and the 

participant secured to the chair using two straps across the chest, and single straps at the pelvis 

and distal thigh of the tested limb. The dynamometers’ axis of rotation was aligned with lateral 

femoral epicondyle, and the lever arm pad was secured to the participant’s distal shank at the 

level of the medial malleolus. Efforts were performed through a 60° range of motion (ROM; 
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starting with the knee flexed at 90°), and at a pre-set angular velocity of 60°/sec. The choice of 

ROM was largely dictated by our reluctance to test through full knee extension. In particular, 

since a minority of the participants was tested within a 2-3 month time span following surgical 

reconstruction, we contemplated that testing in the last 30° of knee extension might result in 

increasing magnitude and duration of sustained ACL forces which might be contradictive for 

graft healing (Serpas et al., 2002). In addition, since several participants underwent ACL 

reconstruction using a hamstring autograft, we considered that performance through full knee 

extension might compromise these muscles due to being in an elongated position. Another factor 

in our choice of ROM related to the hamstring’s supportive and protective roles in limiting 

anterior tibial translation, a function which is hampered when approaching full knee extension 

(Yanagawa et al., 2002). Concurrently, the choice of test angular velocity was based on previous 

reports indicating that a high level of set internal consistency could be expected at this particular 

velocity during production of maximal voluntary efforts by healthy participants (Ayalon et al., 

2001), and also to some extent by those who have undergone ACL reconstruction (Ayalon et al., 

2002). 

Following instructions related to the operation and general use of the dynamometer in 

rehabilitative settings, the participants performed 15 continuous knee flexion-extension 

repetitions at a self-perceived low effort level. This was followed by 3 repetitions at a self-

perceived medium effort level, and 2-3 practice sets consisting of 2-3 maximal repetitions. 

Throughout the pre-testing familiarization session and warm-up, the participants were instructed 

and reminded to grip the side handle bars during effort exertions; to maintain constant contact of 

their heads with the chair’s headrest; and not to decelerate the lever arm at end ranges of motion. 
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Testing involved performance of 4 sets, each consisting of 6 repetitions. The first set 

comprised performance of maximal, continuous knee extension/flexion repetitions. Prior to the 

second set, the participants were read a standardized vignette in which they were asked to feign or 

exaggerate deficiencies in knee muscular strength producing capabilities for secondary gain 

purposes, whilst trying to convince the examiner that they are exerting a maximal effort 

(Appendix C). Then, 2 sets involved performance of efforts at a self-perceived 50% and 75% of 

maximal effort. Prior to the performance of each of these 2 sets, the participants performed a self-

selected number of practice repetitions in order to estimate as best they could the level of effort 

required. The order of sets was such the maximal effort set was always performed first; the 

feigned effort set was always performed second; and the 2 submaximal sets were performed in a 

random order. Set order was dictated by our wish that participants were fully aware of their 

maximal capabilities prior to performance of feigned and submaximal efforts. In addition, the 

sincere submaximal sets were performed following the feigned set as we did not wish to 

consciously evoke participants into considering performance of an effort resembling a sincere 

submaximal one (although the participants did in fact perform such efforts previously as part of 

warm-up).  A rest period of 2-3 minutes was provided between sets.  

During testing, both visual feedback of the concurrent moment-time curve and audible 

encouragement on performance was provided. Such feedback was not given in the initial study 

due to the possibility of influencing outcomes (Birmingham and Kramer, 1998; Dvir and David, 

1996). However, due to the possible use of current investigation test scores to determine readiness 

to return to regular activities, feedback was provided since it has been found to have a favorable 

effect on strength production (Kim and Kramer, 1997; O’Sullivan and O’Sullivan, 2008).  The 

same two examiners provided all instructions and performed all measurements.  
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4.2.3 Data Analyses 

Moment data obtained between 85° and 35° were segmented into individual extension and 

flexion repetitions. Thereafter, we calculated two measures meant to quantify the degree of set 

internal consistency. The first measure was the zero phase, normalized cross correlation (Rxy,, 

Equation 3.1) and the second was the percent root mean square difference (%RMSD, Equation 

3.2) (Almosnino et al., 2011). The Rxy is computationally similar to that of Pearson’s Product 

Moment Correlation, and is a measure of curve shape similarity (Derrick et al., 1994). The 

%RMSD, on the other hand, quantifies relative magnitude differences of two curves, and 

compliments Rxy which is insensitive to such possible bias. 

Measure scores were calculated for repetitions 2 through 5 in the same direction, each by each 

(i.e. between curves 2-3; 2-4; 2-5; 3-4; 3-5; and 4-5). These were than averaged across directions, 

achieved for Rxy values using a Z transformation routine to yield representative consistency scores 

for each set (Almosnino et al., 2011; Derrick et al., 1994).  

4.2.4 Statistical Analyses 

For descriptive purposes, we extracted for each participant the average peak moment attained 

during performance of knee extension or flexion efforts in each set, and expressed these as a 

percentage of peak maximal efforts. 

For classification purposes, the individual representative Rxy and %RMSD scores were 

inputted into the previously established decision rules, which were originally constructed using 

logistic regression and followed by Monte Carlo simulations for generalization purposes, to be 

classified as being maximal or not (Table 3.2). Scores were also inputted into a model meant to 
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classify effort as sincere or feigned. This particular model was deemed to be clinically useless due 

to exhibiting an unacceptably low sensitivity level (Almosnino et al., 2011). However; we use 

this model in the current investigation for exploratory purposes. Performance of the decision rules 

is reported in terms of number of misclassifications per effort condition and as sensitivity and 

specificity values expressed as percentages of the total number of tested participants.  

In addition, for knowledge attainment, we assessed group differences in within-set internal 

consistency performance between the patients who underwent ACL reconstruction and that of the 

healthy sample which was used for construction of the decision rules (See Chapter 3). This latter 

group consisted of 37 participants (21 men, age 23 ± 4 years, mass 81 ± 15 kg, height 1.78 ± 0.07 

m; 15 women, age 23 ± 3 years, mass 65 ± 10 kg, height 1.66 ± 0.07 m). This was done by 

comparing maximal effort Rxy and %RMSD using separate independent, two-tailed t-tests (α > 

0.05), and effect size estimates (Cohen’s d). 

4.3 Results 

Table 4.1 presents a summary of the Rxy and %RMSD scores obtained for each effort set, as 

well as the average peak moment level expressed as a percentage of maximal effort values. 

During performance of the sincere submaximal efforts, participants tended to underestimate the 

level of effort requested to be exerted. In addition, the level of strength exerted during attempts to 

feign deficiencies in muscular strength was, on average, lower than that exerted during 

performance of the two sincere submaximal conditions. However, a wide dispersion in relative 

strength was noted for the feigned condition suggesting that, whilst some participants attributed a 

substantial reduction of strength to be of benefit when attempting to feign deficiencies in 

muscular strength capabilities, others did not.  
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Table 4-1: Average peak moment scores (Nm) for each effort level and percentage of actual 

effort performed at each submaximal and feigned sets, whilst accompanying data in parenthesis 

are efforts expressed in relationship to maximal efforts. Also shown are average cross correlation 

(Rxy) and % root mean square differences scores (%RMSD) for each effort. Values are presented 

as group mean ± standard deviation, with score range in parenthesis.  

Effort 
Extension               

APM (Nm) 

Flexion                      

APM (Nm) 
Rxy %RMSD  

Maximal 
165±57                    

(100%) 

81±30                   

(100%) 

0.93±0.03                      

(0.86 – 0.98) 

7.89 ± 2.32                  

(4.11 – 13.81) 

75% 
106± 56           

(67%±18%) 

51± 29          

(64%±18%) 

0.78±0.15                     

(0.34-0.97) 

20.56±7.98                 

(6.63 – 36.71) 

50% 
83± 58               

(48%±20%) 

39±29           

(44%±18%) 

0.76±0.15                    

(0.45-0.97) 

26.50±16.35                 

(9.94 – 76.97) 

Feigned 
78±66               

(41%±26%) 

40±37           

(41%±23%) 

0.60±0.18                             

(0.26 - 0.89) 

51.67±36.07                  

(12.12 – 207.22) 

* Note that data are pooled for male and female participants. APM = average peak moment (Nm) of repetitions 2 through 5 expressed 

as a percentage of maximal effort attempts. Rxy = average cross correlation score across directions; %RMSD = Average %RMSD 

scores across directions. 

 

Comparatively, Rxy scores of patients that have undergone ACL reconstructive surgery (0.93 ± 

0.03, range 0.86 to 0.98) were significantly lower than those recorded for healthy controls (0.96 ± 

0.02, range 0.93 to 0.99), t (71) = 5.634, p < 0.01, ES = 0.13. In addition, %RMSD values of 

ACL reconstructed participants were significantly higher (7.89 ± 2.32, range 4.11 to 13.81) than 

those obtained by healthy participants (6.63 ± 1.77, range 3.70 to 11.50), t (71) = -2.619, p = 

0.011, ES = 0.62. Taken together, the results indicated that during performance of maximal 

isokinetic knee musculature efforts, successive moment curve shapes were less similar and 

relative curve magnitude differences were larger in those who had undergone ACL reconstructive 

surgery in comparison to those who have not suffered from injury to the knee. 
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In terms of decision rule performance, these are presented in Table 4.2 and illustrated in 

Figure 4.1. Alluding to the model that exhibited the best results for declaring a particular effort as 

maximal or not (model 3); of the total 36 maximal effort attempts, 35 were classified correctly, 

whilst 1 effort attempt was misclassified. Of the total 108 submaximal and feigned efforts, 6 were 

misclassified as being maximal (4 trials at the 50% effort condition and 2 trials at the 75% effort 

condition). No feigned effort attempt was misclassified as being maximal. Of the 6 total 

submaximal misclassification cases, 2 belonged to the same individual. As such, when expressed 

on an individual participant case by case basis, the decision rule’s corresponding specificity and 

sensitivity values are 97.2% and 94.4%, respectively.   

In addition, the performance of the decision rule meant for differentiating between sincere 

(either maximal or submaximal efforts) and feigned efforts showed that 17 out of 36 latter effort 

attempts were misclassified as being sincere efforts. In addition, of the 108 total sincere efforts, 5 

efforts (all performed at a self-perceived 50% of maximum capabilities) were misclassified as 

feigning attempts. The corresponding specificity and sensitivity values for the decision rule meant 

at classifying effort type are 95.3% and 52.7%, respectively. 
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Figure 4-1: A. Scatter plot of the average % root mean square differences scores (%RMSD) vs. the average of the cross correlation scores (Rxy) 

illustrating the performance of model 4 meant for predicting feigned efforts (note that ordinate values were truncated for improving figure 

resolution). B. Scatter plot focusing on the performance of models 1, 2, and 3, meant for predicting maximal efforts. 
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Table 4-2: Performance of decision rules for differentiating between types and levels of isokinetic knee extension/flexion efforts exerted during 

testing of ACL reconstructed participants.  

     Number of misclassifications by effort type or level 

#* Description Decision Rule Sn Sp Overall Max 50% 75% Feigned 

1 
Cut-off set to maximize the sensitivity while maintaining 100% 

specificity in development sample of healthy participants. 

Declare submaximal effort if: 

67.9(Rxy) -1.02 (%RMSD) < 53.5 
97.2 66.6 15/144 12/36 1/36 2/36 0/36 

2† 

Cut-off set to maximize the sensitivity while maintaining 99.0% 

specificity in the Monte Carlo simulation study based on healthy 

samples outcome score distribution. 

Declare submaximal effort if: 

67.9(Rxy)  -1.02 (%RMSD) < 52.2 
95.5 80.5 12/144 7/36 3/36  2/36 0/36 

3† 

Cut-off set to maximize the sensitivity while maintaining 99.9% 

specificity in the Monte Carlo simulation study based on healthy 

samples outcome score distribution. 

Declare submaximal effort if: 

67.9(Rxy)  -1.02 (%RMSD) < 49.2 
94.4 97.2 6/144 1/36 4/36 2/36 0/36 

4 
Cut-off set to maximize the sensitivity while maintaining 100% 

specificity in development sample of healthy participants. 

Declare feigned effort if: 

 0.16(Rxy)  -2.1(%RMSD) ≥ 5.87 
52.7 95.5 22/144 0/36 5/36 0/36 17/36  

 * Models 1, 2, and 3 are meant to predict the level of effort exerted (maximal or not). Model 4 is meant to predict efforts type (sincere or not).  

† A one million iteration Monte Carlo simulation was done in order to generalize results to new or larger samples of healthy participants. The difference in the decision rule      

   between model 2 and model 3 relates to the specificity level attained (see description). Sn = Sensitivity (%), Sp = Specificity.  Max = maximal effort. 
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4.4 Discussion 

This investigation was primarily concerned with validating previously established probability-

based decision rules meant for declaring efforts as being maximal or not during isokinetic testing 

of the thigh musculature. We evaluated the performance of the results attained in the current 

investigation with consideration of the following factors. First, the model that exhibited the 

highest sensitivity and specificity values outperformed clinical tests routinely used in those with 

injury to the ACL. For example, we report sensitivity and specificity values that are superior to 

those reported for the three most common clinical tests for diagnosing ACL rupture (i.e. Lachman 

test, Anterior Drawer test, and Pivot-shift test) (Benjaminse et al., 2006; Peeler et al., 2010).  In 

addition, the test sensitivity and specificity values may be reasonable in light of our sample of 

participants being heterogeneous in terms of age, sex, type of surgical procedure performed, and 

time following surgical intervention. Hence, the decision rule seems to exhibit some robustness to 

possible variations in scores due to such factors. However, it should be noted that several other 

aspects need to be further assessed. In specifics, it is unclear whether the decision rule, which was 

constructed with consideration of healthy participant’s scores obtained on two different testing 

occasions, takes into account possible between day variations in patient scores. That is, the 

precision of measurements of the outcomes used in our investigation needs to be established for 

those that have undergone ACL reconstruction.  In addition, the decision rule needs to be 

assessed in other samples with similar characteristics by different laboratories to assess the 

influence of different examiners and instrumentation. 

Addressing practical testing considerations, we emphasize the need to provide participants 

with practice of maximal effort repetitions. This need arises when considering that in general, 

performance of maximal efforts within a prescribed ROM at a constant angular velocity is likely 



 

117 

 

to be a novel movement experience for the majority of participants. In addition, it has been 

documented that some of those recovering from ACL reconstructive surgery may be fearful of 

movement (Kvist et al., 2005). As such, we contemplate that performance of maximal practice 

repetitions is necessary to minimize any potential learning effects, as well as possibly alleviate 

psychological hindrances. This latter point in itself is worthy of future investigations, as it is 

unclear whether or to what extent routines used by clinicians to motivate participants to exert 

maximal efforts affect psychological constructs. 

Another practical consideration relates to our choices of testing ROM and angular velocity. 

With regards to the ROM; our decision may be considered conservative since others have 

reported isokinetic testing of those that have undergone ACL reconstruction through full knee 

extension within a time span of 3-3.5 months following surgery (Ayalon et al., 2002). In addition, 

it has been suggested performance at higher angular velocities may be beneficial during early 

rehabilitation (Yüksel et al., 2011). As such, establishment of decision rules such as those 

presented in the current investigation for different ROMs and angular velocities is warranted. 

Although not the primary aim of our investigation, our results continue to highlight 

deficiencies in the ability to declare muscular efforts as being performed sincerely or not. The 

exploration of this issue is of importance since both sincere submaximal efforts or attempts to 

feign or exaggerate deficiencies of muscular capabilities may be encountered in the clinical realm 

(Dvir, 2004; Robinson and Dannecker, 2004; Lechner et al., 1998), and the distinction between 

these may assist in tailoring treatment strategies. 

4.5 Conclusion 

Using the decision rules presented in this investigation, clinicians may be able to ascertain 

maximal effort production during isokinetic testing in those that have undergone surgical 
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reconstruction of their ACL. The decision rule’s corresponding specificity and sensitivity values 

are 97.2% and 94.4%, respectively. Future investigations are necessary for establishment the 

precision of measurements in this patient population, as well as for development of decision rules 

for testing performed at different ranges of knee motion and different angular velocities. Lastly, 

validation of the current decision rules in other populations with pathology. 
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Chapter 5 

Discriminating Between Maximal and Feigned Isokinetic Knee 

Musculature Performance using Waveform Similarity Measures and 

Physiologically-Based Indexes 

Abstract 

Muscle strength test outcomes may aid in determination of impairment or disability rating 

following injury. In such settings, verification of participant effort during testing is imperative. 

This aim of this investigation was to explore the utilization of within-set moment waveform 

similarity measures, as well as physiologically-based indexes termed the DEC and SEC, to 

develop decision rules for discriminating between maximal and feigned efforts during isokinetic 

testing of the knee joint musculature.   A mixed-gender sample of 46 participants performed non-

reciprocal sets of maximal or feigned knee extension and flexion concentric and eccentric efforts 

at testing velocities of 30°/sec and 120°/sec. Waveform similarity-based decision rules employing 

logistic regression and Monte Carlo simulations yielded at 100% specificity cut-off levels 

corresponding velocity-specific sensitivities of 92.4% and 84.8% for knee extension efforts, and 

56.5% and 46.7% for the knee flexion efforts performed at 30°/sec and 120°/sec, respectively.  

Comparatively poorer cut-off score performance was noted for the DEC and SEC indexes. As 

such, substantiating maximal effort performance of the knee extensors may be possible using the 

proposed testing protocol and the accompanying waveform similarity-based decision rules. 

However, the proposed methods are limited in their ability to verify performance of maximal 

knee flexor efforts. 
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5.1 Introduction 

Occupational injuries of the knee joint are of growing concern due to work time loss, as well 

as increases in medical and restitution expenses (Reid et al., 2010). As part of patient 

management, the assessment of knee musculature strength may assist in decision making 

regarding impairment or disability rating, and possible readiness to return to work. However, 

prior to the use of strength scores for such purposes, there is a need to verify that the participant 

provided a maximal effort in order to declare test scores as being valid. This need arises due to 

current clinical practices related to the use of strength scores. For example, the practice of a 

comparison of bilateral limb deficits or to normative values is exclusively based on the 

assumption that, during testing, the participant exerted their self-perceived maximal effort (Dvir, 

2004).   

Previous research concerned with validation of effort during dynamic muscle strength testing 

has primarily utilized isokinetic dynamometers for recording of participant exertions, and has 

adopted two primary conduits: the first is the use of strength-derived measures that exemplify 

agreement with known skeletal muscle physiological principles during performance of maximal 

efforts, or the deviation from these during performance of submaximal or feigned efforts (e.g. 

Chaler et al., 2007; Dvir and Keating, 2003; Dvir, 2002; Olmo et al., 2009). In brief, this 

particular approach is based on the moment-angular velocity relationship obtained in recordings 

of maximal efforts, where it has been established that whereas concentric strength declines as a 

function of increases in angular velocity, eccentric strength scores remain relatively unchanged 

(Kellis and Baltzopoulos, 1995). The eccentric to concentric strength ratio, therefore, is greater 

than 1 irrespective of the angular velocity employed. In submaximal effort production, it has been 
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shown that there is a significant increase in the value of this ratio, and that it is more pronounced 

as a function of the increase in the angular velocity employed. The underlying reason for this 

phenomenon has been suggested to be related to differences in the ability to control muscle 

strength across the two contraction types (Dvir, 2004). Specifically, in concentric contractions, 

the ability to produce a submaximal effort, and hence a significant reduction in recorded strength 

is readily achieved. However, in performance of submaximal eccentric contractions, the decline 

in recorded strength is less obtrusive. The discrepancy in strength decline across contraction 

modes has been attributed to the inherently defensive quality of the eccentric contraction (Dvir, 

2004; Olmo et al., 2009), as well as to contraction specific neuromuscular control mechanisms 

(Enoka, 1996; Fang et al, 2004). Based on these observations, two outcome parameters have been 

developed. The first, termed the DEC, utilizes the difference between the eccentric and concentric 

ratios obtained at low and high testing velocities (David et al., 1996; Dvir and David, 1997; Dvir, 

2004). The second, termed the SEC (‘sum, eccentric-concentric’) was designed to accentuate the 

contribution of the less controllable eccentric contraction performed at the high testing velocity 

(Olmo et al., 2009, see methods section for calculation procedure).  

The utilization of the DEC for differentiating between maximal and non-maximal efforts has 

been reported in the assessment of various muscle groups in healthy participants (Dvir, 1997a,b; 

Dvir, 1999; Dvir and Keating, 2001, Dvir et al., 2002; Chaler et al., 2007; Olmo et al., 2009); in 

those with low back pain (Dvir and Keating, 2003); and in the assessment of patients with  

various orthopedic, rheumatic, or neurologic disorders who were seeking financial compensation 

from public or private bodies (Dvir, 2002). With respect to the knee joint, the efficiency of the 

DEC in differentiating between maximal and submaximal extension effort levels has been 

reported in two early studies (David et al., 1996; Dvir and David, 1996). The results of these two 
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latter studies showed considerable overlap in scores obtained for different effort levels, raising 

concerns whether the DEC may be successfully used for differentiating between maximal and 

feigned effort levels in this particular joint. The SEC, on the other hand, has been reported in the 

assessment of only the ankle and wrist joints (Olmo et al., 2009; Torra Parra, 2011). At least in 

case of the ankle, the SEC has proved to be superior to the DEC in differentiating between effort 

levels (Olmo et al., 2009). However, the utility of the SEC has not been reported for the knee 

joint. 

The second approach commonly used for differentiation between maximal voluntary efforts 

and other types and levels of effort is based on the notion that during production of maximal 

efforts, there is minimal variation in outcome measures obtained from successive repetitions 

within a given set (i.e. good internal consistency). On the other hand, during production of 

submaximal or feigned efforts, the between-repetition variation in strength outputs is 

considerably larger (i.e. poor internal consistency). This phenomenon, which has been described 

to be readily apparent from a visual perspective when examining knee moment curves obtained 

from concentric contraction-type efforts (e.g. Ayalon et al., 2001; Perrin, 1993), has primarily 

been quantified using the coefficient of variation (CV) of various discrete curve parameters such 

as the peak or average moment (e.g. Birmingham et al., 1998; Lin et al., 1996). However, 

corresponding test accuracies for a given CV cut-off score has proven to be insufficient, from a 

clinical perspective, for declaration of efforts of being a certain type (Birmingham et al., 1998; 

Dvir, 2004).   

In a previous investigation presented in Chapter 3 of this dissertation (Almosnino et al., 2011) 

it has been shown that the inherent differences in set internal consistency of different types and 

level of knee muscular efforts obtained using isokinetic dynamometry may be successfully 
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differentiated using time series measures not previously considered in the analyses of isokinetic 

moment waveforms. The first measure is the cross correlation function (Rxy), which enables 

quantification of curve shape similarity (Derrick and Thomas, 2004; Derrick et al., 1994). The 

second measure is the percent root mean square differences (%RMSD), which quantifies relative 

differences in curves’ magnitudes (Mullineux et al., 2001). However, Almosnino et al. (2011) 

were concerned with differentiating between efforts recorded during the exertion of only 

concentric contractions, and at only one testing velocity. In this regard, it may be suggested that 

the assessment of both concentric and eccentric contraction types and performance at more than 

one testing velocity may allow a more comprehensive evaluation of possible deficiencies in 

muscular force producing capabilities (Zemach et al., 2009; Dvir and David, 1996). 

Given the raised awareness to occupationally-related knee injuries, and the subsequent need 

for an inclusive evaluation of patient’s muscular capacities, this investigation was aimed at the 

following: 1) expanding upon the initial study of Almosnino et al. (2011) by examining the ability 

of Rxy and %RMSD to differentiate between maximal and feigned efforts for both concentric and 

eccentric efforts of the knee extensors or flexors muscle groups, and 2) examining the ability of 

the DEC and SEC in differentiating between maximal and feigned effort levels for both the knee 

extensors and flexors. In particular, these two aforementioned aims were achieved by 

establishment of decision rules for differentiation between the two effort types (maximal and 

feigned) using outcome scores obtained at two testing velocities, and on two separate testing 

occasions. In addition, this investigation reports upon the validation of those decision rules that 

exhibited a high degree of accuracy using a separate group of participants. 

 

 



 

125 

 

5.2 Methods 

5.2.1 Participants 

Participants were recruited through direct contact and advertisement. Exclusion criteria, 

including current or previous musculoskeletal injuries to the lower extremities or spine; recurrent 

episodes of fainting or dizziness; and current use of medications to control high blood pressure, 

were identified using a self-report medical questionnaire. A total of 49 participants were recruited 

for the decision rule development phase of the investigation. However, 3 of these participants 

chose to not complete testing, and were omitted from the analyses. Therefore, the sample used for 

decision rules development consisted of 46 individuals (25 males, mean age 23 ± SD 3.5 years; 

mass 81 ± 15 kg. height 180 ± 6 cm; 21 females, age 22 ± 2 years, mass 67 ± 9 kg., height 169 ± 

6 cm). The second sample, used for validation of the derived decision rules, consisted of 8 

participants (4 males, age 22 ± 2 years, mass 70 ± 9 kg., height 178 ± 5 cm; 4 females, age 23 ± 2 

years, mass 59 ± 5 kg., height 162 ± 5 cm). None of the participants had prior experience with 

isokinetic dynamometry-type exercise. Each participant provided written informed consent prior 

to testing, with the protocol approved a-priori by the Queen’s University Research Ethics Board 

(Appendix A).  

5.2.2 Procedures 

A commercial isokinetic dynamometer (Biodex system 3, Biodex Medical Inc., Shirley, NY, 

USA) was used to test the concentric and eccentric strength of the knee extensors and flexors of 

the dominant leg, which was defined as the preferred leg used for kicking a ball. The 

dynamometer’s calibration settings were regularly verified throughout the data collection period. 

Data were sampled at 100 Hz using a 16-bit National Instruments analog to digital converter 
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(model PCI-6036E, range of 10V) and custom software written in Labview (version 9.0, National 

Instruments, Austin, TX, USA).  

Testing was done in a seated position with the chair’s back rest inclined at 85° and a 2 finger 

width space separating the front of the seat pan and the popliteal fossa when the knee is flexed at 

90°. The participants were secured to the chair using a chest cross strap, a waist strap, and a strap 

across the distal thigh of the tested knee. The dynamometer’s axis of rotation was aligned with 

the assumed knee axis of rotation (lateral epicondyle) and the lever arm pad was secured to the 

participant’s distal shank at the level of the medial malleolus. Test range of motion (ROM) was 

set to 60°, starting from a position in which the shank was perpendicular to the floor. The 

participants were familiarized with the device by way of verbal instructions, where the following 

procedures were emphasized: exertion of efforts throughout the entire ROM; make no attempt to 

decelerate the lever arm at end ROM; grasp the side handle bars; and, maintain constant contact 

of the back of the head with chair’s headrest during effort exertion. Following, the participants 

performed 15 low effort level concentric knee extension-flexion repetitions at 60°/sec. This was 

followed by 5 low effort level continuous concentric-eccentric repetitions for each muscle group 

at the pre-defined testing velocities of 30°/sec and 120°/sec. The choice of angular velocities 

adheres to previous recommendations for differentiation between concentric and eccentric effort 

types (Dvir, 2004).  The participants then performed 2 or 3 maximal practice sets consisting of 2 

concentric/eccentric repetitions at each of intended testing velocity and for each muscle group. 

The relatively large number of practice repetitions was deemed necessary to familiarize the 

participants with exertion of maximal efforts. A 5 minute rest period was provided between the 

familiarization and testing phases of the study.  
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Testing encompassed performance of 2 sets, each consisting of 3 pairs of alternating, 

concentric-eccentric repetitions. The first set was of maximal efforts, whilst the second set 

consisted of efforts in which the participants tried to convince the examiner of their sincerity in 

performing maximal efforts whilst feigning the presence of injury (Appendix C). 

Set order was such that maximal efforts always preceded feigning efforts, and testing of the 

knee extensors always preceded that of the knee flexors. During set performance, a 5-second 

inter-repetition pause was administered, and 2-3 minute rest period was given between sets 

performed by the same muscle group. A 5 minute period separated testing of different muscle 

groups. During testing, the only feedback provided was the examiner reminding the participant at 

the beginning of each repetition to “kick up” or “pull down”, dependent on the direction of effort 

performed. It should be noted that the type of isokinetic dynamometer used in this investigation 

required, for safety purposes, that maximal moment limits were pre-set prior to the performance 

of eccentric efforts. Based on pilot study results, these limits were set at 406 Nm for extension 

efforts, and 270 Nm for the flexion efforts. Correspondingly, minimal moment limits that needed 

to be exceeded to initiate movement of the lever arm were 10% of these values. 

5.2.3 Retest and Validation Sample Testing Procedures   

A second testing session took place 10 ± 5 days following the first. The procedures and set 

order emulated those performed in the 1st testing session, and testing was performed at the same 

time of day (within 1 hour). Recordings of the physical setup used in the 1st testing session (i.e. 

chair distance from the dynamometer, seat height, seat pan depth, back rest angle, and lever arm 

length) were used to standardize the participant’s posture within the device across the two testing 

sessions. The same investigators provided all instructions and performed all measurements in 

both testing sessions. Prior to testing, the participants were asked if they were suffering from any 
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pain or discomfort in their knee joint or affiliated musculature. If participants responded 

positively, the test was postponed until the participants reported recovery. Note that this criterion 

resulted in 2nd test postponement in 3 of the participants, 2 of which were women. 

For validation purposes, the second sample was tested on a single occasion by the same 

personel. In order to blind the principal investigator of the actual effort level exerted, each 

individual’s test results were labeled as being maximal, whilst a separate list was kept of the 

actual effort performed. 

 

5.3 Data Analyses 

5.3.1 Calculation of Waveform Similarity Measures  

Procedures for calculation of waveform similarity measures utilized in this investigation 

emulate those reported in Chapter 3 of this dissertation. In brief, in order to eliminate the possible 

effects of lever arm acceleration and deceleration at end ranges of motion on outcome values, 

only moment data obtained between 85°- 35° were considered  in the analyses. However, this did 

not ensure that the different repetitions were of equal length, as it was observed that in several 

feigned effort trials, the participants exerted a moment level that either did not enable reaching of 

the intended testing velocity, or exhibited pauses in moment outputs at various stages of the 

ROM. As a consequence, moment curve data were time-normalized using a cubic spline 

interpolation routine to number of data points of the longest trial within the set. Following, zero 

phase shift, normalized cross correlations (Derrick and Thomas, 2004; Oda and Moritani, 1996) 

and %RMSD values (Mullineux et al., 2001) were computed between pairs of either concentric or 

eccentric moment-time curves, each by each, using equations 3.1 and 3.2 presented in Chapter 3 

of this dissertation.  Note that moment data not corrected for the effects of gravity were utilized in 
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the calculations, as this procedure resulted in visible alterations of curve shape obtained from 

very low strength level efforts.  

5.3.2 Calculation of the DEC and SEC Indexes  

Similarly to calculation of the waveform similarity measures, only moment data obtained 

between 5°-55° were considered in the analysis. In contrast, DEC and SEC calculations utilized 

gravity corrected moment data in accordance with methods reported in previous investigations 

(e.g. David et al., 1996; Dvir and David, 1998; Dvir, 2004). Then, the peak moment value (PM) 

of each repetition was extracted, and the highest PM obtained across the 3 repetitions for each 

contraction mode at each of the two testing velocities was subsequently used to calculate the DEC 

and SEC parameters (Dvir, 2004; Olmo et al., 2009): 

 

                                                                                                                                      Equation 5-1 

 

Equation 5-2 

 

where ECC and CON are the peak moments obtained for each contraction mode (eccentric 

and concentric) at each of the two angular velocities. All data processing was done using custom 

Matlab R2010a software (The MathWorks™, Natick, MA, USA). 

5.4 Statistical Analyses  

5.4.1 Waveform Similarity Decision Rule Development 

Cross correlation and %RMSD scores were averaged across repetitions and then across 

contraction types to yield representative scores for each set. Scores were than averaged for both 
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testing sessions. Averaging of Rxy scores was done utilizing a Z transformation procedure as per 

previous recommendations (Derrick and Thomas, 2004, Derrick et al., 1994). Using the average 

outcome variable scores obtained for each effort,  

muscle group, and testing velocity, four prediction models were estimated using logistic 

regression to classify efforts as maximal or feigned. Based on the models, decision rules were 

derived in which the cut-off score was set to maximize sensitivity while maintaining 100% 

specificity in our sample (i.e. no maximal effort is misclassified as being feigned). We then used 

Monte Carlo simulation methods to estimate the cut-off scores that would be required to maintain 

99.0% and 99.9% specificity in future samples with distributions similar to our study sample. 

This was done by simulating one million pairs of values from a bivariate normal distribution with 

the same population parameters (i.e. means, standard deviations and correlations) as the Rxy and 

%RMSD of the sincere efforts in our sample. To better reflect our sample distribution, we 

replaced simulated pairs with %RMSD values below 0 or Rxy values above 1 as such scores are 

computationally unattainable for these measures. Figure 5-1 shows how the study sample 

distribution is consistent with the simulated data. The cut-off values required to achieve 99.0% 

and 99.9% specificity on the simulated data using our logistic prediction model (derived from our 

sample) were then obtained, and the sensitivity of our development sample using these cut-off 

scores was then calculated.  



 

131 

 

 

Figure 5-1: Illustration of the 1 million Monte Carlo simulations (black circles) overlaid 

on real data (white crosses) for maximal knee extension efforts obtained at 30º/sec. 

Simulations were also done for maximal knee extension data obtained at 120º/sec (not 

shown). 

 

5.4.2 Establishing DEC and SEC Based Cutoff Scores  

Prior to establishment of DEC and SEC cut-off scores, a preliminary analysis was conducted 

to assess whether scores from both men and women could be combined for such purposes. This 

analysis was warranted since previous investigations have indicated that DEC scores may, on 

average, differ between men and women for some muscles (Dvir, 2004). Initially, maximal knee 

extension and flexion DEC and SEC scores were assessed per gender and testing occurrence for 

normality of distribution using Shapiro-Wilk tests (alpha preset at 0.05), standardized skewness 

and kurtosis scores, and visual analysis of histogram plots. Dependent on results, differences in 
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DEC and SEC scores of men and women were then assessed using unpaired, two sided t tests or 

Mann-Whitney U tests with alpha preset at 0.05. Since no differences across gender were 

observed in all cases, DEC and SEC scores for men and women were combined for decision rule 

development.  

To establish the accuracy of the DEC and SEC in the ability to differentiate between effort 

levels, two-sided tolerance intervals were calculated per direction for maximal effort scores 

obtained for scores combined across testing sessions. Tolerance intervals allow the determination 

of limit scores which are within a predetermined proportion of the population, as represented by 

the sample, lie within a certain level of confidence (Varderman, 1992). In this investigation, cut 

off scores for each testing direction (extension and flexion) were established at 99% of maximal 

efforts with a probability of 99%, and at 95% of maximal efforts with a probability of 95% (Olmo 

et al, 2009). Based on these cutoff values, the number of misclassifications for each effort type 

was determined. Note that the tolerance intervals were constructed based on the normal 

distribution assumptions, since this in fact yielded cut-off scores that were slightly more 

conservative for differentiating between effort types than if using non-normal distribution 

calculation procedures. 

5.5 Results 

Table 5-1 presents the percentage of peak moment exerted during feigned efforts with respect 

to maximal effort exertions. On average, a considerable reduction in strength is noted across 

muscle groups and contraction modes on both testing days. Examination of the percentage range 

suggests that in all cases, participants chose to produce feigned efforts that were weaker than their 

maximal capabilities. However, the percentage reduction in strength in all conditions 
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encompasses almost the entire 0-100% range; highlighting a wide variation in personal strategies 

employed during performance of feigned efforts.  

5.5.1 Performance of Waveform Similarity-Based Decision Rules 

The distribution of Rxy and %RMSD scores obtained for each effort type across muscle 

groups, contraction modes and testing days is presented in Figure 5-2, whilst a summary of scores 

is presented in Table 5-2. Readily apparent is the fact that score distributions for maximal 

extension type efforts are more distinct from a clustering perspective (i.e. contain fewer or no 

noticeable outliers), than those obtained for flexion efforts.  

Receiver operating characteristic (ROC) curves of the logistic regression-based models used to 

establish the decision rules are presented in Figure 3, whilst the decision rules themselves are 

presented in Table 5-3. The decision rules for knee extensor efforts obtained at 30º/sec proved to 

yield the best sensitivity values for the concurrent 100% specificity cutoff level. Namely, within 

the development sample, sensitivity was 92.4%, whilst the decision rules corresponding to cutoff 

levels of 99% and 99.9% specificity in the simulation yielded test sensitivities of 90.2% and 

84.8%, respectively. For knee extensor efforts obtained at 120º/sec, the decision rule’s sensitivity 

within the development sample was 84.8%, whilst within the 2 simulation cutoff levels the 

sensitivities were 77.2% and 65.2%, respectively.  

Results for the knee flexors at both test velocities were inferior to those obtained for the knee 

extensors, with cut off score sensitivity values within the development sample of 56.5% and 

46.7%, respectively. Due to these relatively low sensitivity values, further simulations based on 

knee flexor data were deemed to be superfluous.  
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Table 5-1: Percentage of peak moment exerted during feigned efforts expressed in relationship to 

maximal effort scores.  Data are presented as group average ± SD followed by score range (in 

parenthesis). 

 

  
1st Sample of Participants              

(Used to Construct Models) 

2nd Sample of Participants               

(Used to Validate Models) 

Direction & 

Velocity 

Testing     

Occasion 

% of Maximal 

Concentric 

% of Maximal 

Eccentric 

% of Maximal 

Concentric 

% of Maximal 

Eccentric 

Ext 30°/sec 

Day 1 47 ± 22 (9 to 93) 46 ± 15 (7 to 92) 48 ± 31 (11 to 85) 54 ± 27 (14 to 84) 

Day 2 49 ± 22 (6 to 93) 46 ± 21 (4 to 94) N/A N/A 

Ext 120°/sec 

Day 1 35 ± 19 (5 to 92) 52 ± 20 (3 to 84) 63 ± 25 (16 to 87) 59 ± 24 (21 to 90) 

Day 2 39 ± 21 (5 to 94) 52 ± 18 (3 to 85) N/A N/A 

Flx 30°/sec 

Day 1 57 ± 16 (22 to 89) 56 ± 15 (18 to 95) 49 ± 23 (11 to 76) 56 ± 21 (19 to 82) 

Day 2 58 ± 19 (13 to 93) 58 ± 17 (15 to 95) N/A N/A 

Flx 120°/sec 

Day 1 47 ± 23 (5 to 92) 54 ± 21  (8 to 96) 56 ± 25 (14 to 90) 57 ± 30 (12 to 87) 

Day 2 53 ± 19 (13 to 91) 59 ± 18 (10 to 90) N/A N/A 

* Ext = Extension, Flx = Flexion, Con = Concentric contraction, Ecc = Eccentric contraction 
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Table 5-2: Descriptive statistics for the average of the cross correlation scores (Rxy) and of the 

average of the % root mean square differences scores (%RMSD) for each of the two samples of 

participants. Data are shown per muscle group, effort level and testing day and are presented as 

group average ± SD followed by score range (in parenthesis).  

  
1st Sample of Participants                                                      

(Used to Construct Models) 

2nd Sample of Participants 

(Used to Validate Models)  

  
Rxy %RMSD Rxy %RMSD 

 Effort 

Type 
Day 1 Day 2 Day 1 Day 2 Day 1 

Ext 

30°/sec 

Max 
0.90 ± 0.05                                           

(0.81 to 0.99) 

0.92 ± 0.05                                           

(0.81 to 0.99) 

16.5 ± 3.8                         

(8.7 to 23.5) 

15.5 ± 3.9                         

(8.6 to 24.6) 

0.89 ± 0.03                                           

(0.86 to 0.95) 

17.6 ± 4.0                         

(9.8 to 22.7) 

Feign 
0.63 ± 0.13                                           

(0.26 to 0.88) 

0.69 ± 0.14                                           

(0.30 to 0.95) 

45.6 ± 16.8                         

(17.5 to 84.5) 

35.9 ± 16.5                         

(17.3 to 110.2) 

0.59 ± 0.11                                           

(0.40 to 0.73) 

45.1 ± 8.1                         

(36.1 to 55.6) 

Ext 

120°/sec 

Max 
0.89 ± 0.05                                           

(0.78 to 0.98) 

0.91 ± 0.05                                           

(0.80 to 0.99) 

22.8 ± 5.1                        

(15.1 to 34.1) 

22.7 ± 5.8                        

(11.9 to 33.6) 

0.89 ± 0.04                                           

(0.85 to 0.95) 

29.7 ± 4.5                        

(20.8 to 33.3) 

Feign 
0.72 ± 0.15                                           

(0.43 to 0.94) 
0.79 ± 0.09                                           

(0.54 to 0.95) 
62.7 ± 44.9                        

(22.2 to 264) 
51.0 ± 15.8                        

(22.9 to 82.5) 
0.76 ± 0.10                                           

(0.56 to 0.89) 
64.4 ± 27.5                        

(27.9 to 110.5) 

Flex 

30°/sec 

Max 
0.88 ± 0.10                                           

(0.53 to 0.99) 
0.91 ± 0.07                                           

(0.66 to 0.97) 
16.0 ± 3.7                         

(7.9 to 23.5) 
17.0 ± 4.2                         

(9.6 to 28.4) 
0.92 ± 0.04                                           

(0.85 to 0.98) 
13.9 ± 2.5                         

(10.6 to 17.5) 

Feign 
0.68 (0.17)                                           

(0.12 to 0.94) 

0.74 ± 0.13                                           

(0.30 to 0.89) 

30.2 ± 13.8                         

(12.8 to 97.4) 

33.5 ± 15.7                          

(13.8 to 107.6) 

0.60 ± 0.21                                           

(0.34 to 0.90) 

31.9 ± 6.4                         

(24.4 to 43.2) 

Flex 

120°/sec 

Max 
0.90 ± 0.05                                           

(0.72 to 0.99) 

0.90 ± 0.05                                           

(0.70 to 0.97) 

24.0 ± 6.0                         

(12.7 to 40.2) 

22.0 ± 4.6                         

(10.7 to 36.3) 

0.86 ± 0.06 

(0.82 to 0.97) 

16.2 ± 2.2                         

(13.3 to 19.6) 

Feign 
0.77 ± 0.10                                           

(0.42 to 0.94) 

0.74 ± 0.11                                           

(0.43 to 0.93) 

37.0 ± 19.1                         

(19.8 to 122) 

35.4 ± 16.3                         

(16.2 to 101.0) 

0.60 ± 0.14                                           

(0.40 to 0.80) 

34.2 ± 9.9                         

(22.2 to 53.7) 

*Ext = extension, Flx = flexion, Max = maximal efforts, Feigned = feigned efforts. 
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Figure 5-2: Scatter plot of the average % root mean square differences scores (%RMSD) vs. the average of the cross correlation scores (Rxy) of 

the 1st sample of participants (n =46), used for development of the waveform similarity decision rules. 
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Figure 5-3: Receiver operating characteristics curves (ROC) for: a) Model identifying feigned extension efforts obtained at 30º/sec. 

Corresponding area under the curve (AUC) and accompanying 95% confidence intervals = 0.991 (0.977 to 1.00) , b) Model identifying feigned 

flexion efforts obtained at 30º/sec, AUC =  0.948 (0.915 to 0.982), c) Model identifying feigned extension efforts obtained at 120°/sec, AUC =  

0.975 (0.953 to 0.998), and d) Model identifying feigned flexion efforts obtained at 120º/sec, AUC =  0.926 (0.887 to 0.966).
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5.5.2 Validation of Waveform Similarity-Based Decision Rules 

Subsequent to decision rule development, results obtained for scores obtained from our second 

sample of participants were inputted into decision rule’s equations. For knee extension efforts 

obtained at 30º/sec, all efforts were classified correctly as being maximal or not at the most 

conservative decision rule cutoff. With respect to knee extension efforts obtained at 120º/sec, all 

maximal effort attempts were classified correctly at the most conservative decision rule cut-off. 

Of the 8 feigned efforts, those of 1 participant were misclassified as being maximal at all decision 

rule cut-off levels, whilst another participant was misclassified as being maximal only at the most 

conservative decision rule cut-off level of 99.9%. 

With respect to knee flexion; for efforts obtained at 30º/sec, 7 out of 8 maximal efforts were 

classified correctly, whilst one participant was misclassified as having produced a feigned effort. 

In addition, 2 of the 8 feigned efforts were misclassified as being maximal. For efforts obtained at 

120º/sec, all 8 maximal efforts were classified correctly; however one feigned effort was 

misclassified as being maximal. 

5.5.3 Performance of the DEC and SEC Decision Rules 

Descriptive statistics of the DEC and SEC scores obtained on both testing days are presented 

in Table 5-4. On average, scores from maximal efforts for both indexes and for both directions 

are smaller and exhibit less variation between participants in comparison to feigning contractions.  

The performance of the DEC and SEC decision rules are presented in Table 4-5. Based on a 

tolerance interval encompassing 99% of the population at 99% level of confidence, no extension 

maximal efforts were misclassified as feigned (100% specificity). However, a significant portion 

of feigned efforts are misclassified as being maximal efforts. The corresponding test sensitivities 

are 47.8% and 43.5% for the DEC and SEC, respectively.  When examining the more lenient 
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tolerance interval encompassing 95% of the population at 95% confidence level, a small number 

maximal efforts were misclassified as feigned, consequently resulting in a test specificity of 

55.4% for both the DEC and SEC, respectively. However, note that this tolerance interval also 

misclassifies a small number of maximal efforts as feigned, yielding corresponding test 

specificities for the DEC and SEC of 97.8% and 96.7%, respectively.   

With regards to flexion efforts, both DEC and SEC decision rules exhibit deteriorated 

performance when compared to those obtained for extension efforts. For the restrictive decision 

rule encompassing 99% of the population with 99% confidence, the test specificities are 100% 

whilst the sensitivities are 26.0% and 18.5%, respectively. For the decision rules based on the 

tolerance interval about 95% of the population with 95% confidence, test specificities for the 

DEC and SEC are 100% and 98.1%, whilst test sensitivities are 40.2% and 30.4% respectively.  

Given the performance of the DEC and SEC, validation of results was not warranted.  
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Table 5-3: Performance of decision rules for differentiating between types and levels of 

isokinetic knee extension/flexion efforts.  Note specificity always set at 100% within 

development sample. 

 

# Description Decision Rule 

Sn 

(%) 

Number of 

misclassifications*                  

Extension 

30°/sec 

1 

Cutoff set to maximize the sensitivity 

while maintaining 100% specificity in 

development sample 

Declare maximal effort if: 

29.73(Rxy) -0.51 (%RMSD) >12.92 
92.4 

7/184 
 (1/92-6/92) 

2 

Cutoff set to maximize the sensitivity 

while maintaining 99.0% specificity in 

simulation study. 

Declare maximal effort if: 

29.73(Rxy) -0.51 (%RMSD) >11.47 
90.2 

10/184 

(1/92-9/92) 

3 

Cutoff set to maximize the sensitivity 
while maintaining 99.9% specificity in 

simulation study. 

Declare maximal effort if: 

29.73(Rxy) -0.51 (%RMSD) >9.07 
84.8 

14/184 

(3/92-11/92) 

Extension  

120º/sec 

4 

Cutoff set to maximize the sensitivity 
while maintaining 100% specificity in 

development sample 

Declare maximal effort if: 

22.39(Rxy) -0.324 (%RMSD) > 8.33 
84.8 

14/184 

(9/92-5/92) 

5 

Cutoff set to maximize the sensitivity 

while maintaining 99.0% specificity in 

simulation study. 

Declare maximal effort if: 

22.39(Rxy) -0.324 (%RMSD) > 6.55 
77.2 

21/184 
(10/92-11/92) 

6 

Cutoff set to maximize the sensitivity 

while maintaining 99.9% specificity in 

simulation study. 

Declare maximal effort if: 

22.39(Rxy) -0.324 (%RMSD) > 4.54 
65.2 

32/184 

(18/92-14/92) 

Flexion  

30°/sec 
7 

Cutoff set to maximize the sensitivity 

while maintaining 100% specificity in 

development sample 

Declare maximal effort if: 

11.41(Rxy) -0.27 (%RMSD) > 0.70 
56.5 

40/184 
(22/92-18/92) 

Flexion  

120°/sec 
8 

Cutoff set to maximize the sensitivity 

while maintaining 100% specificity in 

development sample 

Declare maximal effort if: 

22.65(Rxy) -0.13 (%RMSD) > 12.86 
46.7 

49/184 
(27/92-22/92) 

Sn = Sensitivity, expressed as a percentage.* Number in parenthesis are the misclassifications out of the 

total number of efforts in each testing day. 
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Table 5-4: Group average ± SD of DEC and SEC scores for extension and flexion for both 

testing sessions and effort levels. 

Index Effort Type Extension Day 1 Extension Day 2 Flexion Day 1 Flexion Day 2 

DEC 

Max 0.39 ± 0.25 0.38 ± 0.27 0.19 ± 0.13 0.21 ± 0.16 

Feigned 1.84 ± 2.07 1.23 ± 1.42 0.39 ± 0.67 0.52 ± 0.47 

SEC 

Max 3.12 ± 0.46 3.10 ± 0.43 2.65 ± 0.30 2.67 ± 0.32 

 Feigned 4.76 ± 3.00 4.50 ± 4.07 3.22 ± 1.08 3.29 ± 1.14 

* Max = maximal efforts. 

 

 

Table 5-5:  Performance of DEC and SEC cutoff scores for extension and flexion for scores 

combined across both testing sessions based on the two different tolerance interval population 

and probability levels.  

  ToleranceIntervalP=0.99,α=0.99 ToleranceIntervalP=0.95,α=0.95 

 

  
LS 

# of Maximal 

Misclassified 
# of Feigned Misclassified LS 

# of Maximal 

Misclassified 

# of Feigned  

Misclassified 

Extension 

 

 

DEC 

 

 

-043 to 1.19 0 (0%) 48/92 (52%) -0.20 to 0.96 2/92 (2%) 41/92 (44%) 

 

 

SEC 

 

 

1.73 to 4.48 0 (0%) 52/92 (56%) 2.12 to 4.09 3/92 (3%) 41/92 (44%) 

Flexion 

 

 

DEC 

 

 

-0.26 to 0.66 0 (0%) 68/92 (74%) -0.13 to 0.53 0 (0%) 55/92 (60%) 

 

 

SEC 

 

 

1.69 to 3.62 0 (0%) 75/92 (81%) 1.96 to 3.35 1/92 (1%) 64/92 (69%) 

*LS = 2 sided tolerance limit scores. Number in parenthesis is the misclassification percentage of total 

cases in each effort type. 
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5.6 Discussion 

Assessment of knee musculature function in rehabilitative settings may provide valuable 

information regarding the patient’s status. From a clinical perspective, the protocol utilized in this 

investigation offers a distinct advantage in comparison to other internal consistency-based 

methods for the differentiation of maximal and feigned efforts (e.g. Almosnino et al., 2011; 

Ayalon et al., 2001; Birmingham and Kramer, 1998; Birmingham et al., 1998, Lin et al., 1996). 

Namely, if production of maximal efforts is substantiated, than a more comprehensive evaluation 

of the muscular system is obtained due to the performance of muscular efforts in both eccentric 

and concentric contraction modes.  

The data analyses approach utilized in this investigation, and consequently the performance of 

the decision rules resulting from them, yielded mixed results. With regards to performance of the 

waveform similarity-based decision rules for the knee extensors, the results obtained for efforts 

produced at 30º/sec are superior to those reported in previous investigation concerned with 

validation of maximal knee musculature efforts production (Birmingham and Kramer 1998, 

Birmingham et al., 1998, Bohannon and Smith, 1988; David and Dvir, 1996; Dvir and David, 

1998; Lin et al., 1996, Robinson et al., 1997; Robinson et al., 1994), except for our previous 

investigation which utilized only concentric contractions (Almosnino et al., 2011).  In specifics to 

decision rules obtained for this muscle group and testing velocity, it is interesting to note that 6 of 

the 7 feigned efforts misclassified as being maximal were scores obtained on the 2nd testing 

session. This finding suggests that participants may be able to improve the consistency of feigned 

efforts within a set due to prior knowledge or training using isokinetic dynamometry. Thus, 

determining whether the participant has had prior experience with isokinetic dynamometry may 

be warranted, as this factor may potentially influence test results.  



 

143 

 

With regards to the waveform similarity-based decision rules obtained for extension efforts at 

120º/sec, these are inferior to those obtained for the slower testing velocity. However, results 

within the development sample for this specific testing velocity are generally comparable or 

better than those reported in previous investigations (Birmingham and Kramer, 1998, 

Birmingham et al., 1998; Bohannon and Smith, 1988; David et al., 1996; Dvir and David, 1998; 

Lin et al., 1996; Robinson et al., 1997; Robinson et al., 1994). 

Pertaining to waveform similarity-based decision rules of the knee flexors, the sensitivity level 

obtained for efforts in both testing velocities may be considered low. Two reasons may have 

contributed to these results. First, whilst the majority of participants produced relatively 

consistent moment curves shape-wise during performance of maximal efforts, a small number of 

participants were unable to achieve this (Figure 5-2). It may be argued, that from a statistical 

perspective, a formal score outlier assessment and subsequent possible score elimination of at 

least several of these low scoring participants would be justifiable. Naturally, this would enhance 

the capability to discriminate between the two effort types in knee flexion performance. However, 

we believe that the measurements obtained from these specific individuals are in fact 

representative of maximal efforts that may be encountered in the clinical realm. Support for this 

approach is found in several previous investigations where difficulties were noted with 

measurement of maximal knee flexor efforts, and particularly those produced in eccentric 

contractions (Croisier et al., 2008; Impellizzeri et al., 2008; Orchard et al., 2001). In specifics, 

Impellizzeri et al. (2008) elaborate that these difficulties may be a result of the seated position 

commonly employed for testing, where the knee flexors are placed in an unusually elongated 

position. This, in turn, may place the flexors muscle groups at either an uncomfortable or injury 

threatening position, and thus may possibly confound measurements of maximal efforts. In line 
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with suggestions made by Impellizzeri et al. (2008), it may be of value to explore whether 

measurements performed in the supine or prone positions may enhance the internal consistency of 

curve shape similarity scores.    

Another conspicuous observation related to the low sensitivity values obtained for flexion 

efforts is the fact that a relatively large number of participants were able to produce very similar 

curves both shape and magnitude-wise during performance of feigned efforts (figure 3).  In this 

respect, a possible methodological issue that may have contributed to the results is the fact that 

preset strength thresholds needed to be exceeded in order to initiate movement of the 

dynamometer’s lever arm. These thresholds are a function of the upper moment limit whose 

purpose is to ensure that any moment level that may be harmful to the participant is not exceeded. 

With regards to the knee joint, several investigations have shown that during performance of 

maximal efforts, the threshold level employed may affect moment production in specifics to 

gender, the contraction mode, range of motion, and angular velocity employed for testing (Jensen 

et al., 1991; Kramer et al., 1991; Tis et al., 1993). Whilst we are unaware of investigations 

concerned with such effects on feigned or submaximal strength effort production, it may be 

postulated that the threshold level used in our investigation enabled better modulation of feigned 

efforts. The type of dynamometer used in this investigation presents a challenge in this respect, 

due to the inability to set the maximal and minimal moment thresholds independently of each 

other. A possible solution worth exploring in this context would be the recording of efforts using 

the passive motion option of the dynamometer, which would preclude active participant 

collaboration in movement initiation.   

The above discussion pertaining to the dynamometer’s preset value can also explain the 

lackluster performance of the DEC and SEC indexes. In addition, unlike the majority of DEC 
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studies, we did not employ a pause between concentric-eccentric cycles. The reasoning for this 

related to establishment of a protocol that would be faster to implement in the clinical realm. 

However, it may be that the lack of pause in combination with the machine-controlled preset 

moment values in the current study allowed better modulation of eccentric strength. It should also 

be mentioned that the results of early DEC investigations involving the knee joint have also 

exhibited score overlap between maximal and non-maximal efforts (David, 1996; David et al., 

1996; Dvir and David, 1996). These investigators used the KinCom®-made isokinetic 

dynamometer, which anecdotally also requires setting of strength threshold that needs to be 

exceeded. Since the performance of the DEC in other studies using this machine for the 

assessment of other joints has been excellent, it may be that the knee joint musculature simply 

allows for better control of non-maximal efforts due to specific neuromuscular mechanisms. 

Further research is required, however, to elucidate this point.  

Due to the use of healthy participants in this investigation,  the protocol and decision rules  

presented in the current investigation can be applied in cases where, for example, a claim of 

impairment is made by the participant, but no other evidence of pathology is noted (Olmo et al., 

2009). In this regard, it should be noted that decision rules for validating the type of effort 

produced obtained using healthy participants have been applied and accepted in legal settings 

(Dvir, 2002). In addition, this investigation utilized measurements of only two effort types, 

namely maximal and feigned efforts. This experimental design is similar to those employed in the 

majority of DEC-SEC investigations. However, there is a clear possibility of participants 

producing non-maximal efforts for reasons other than deliberate feigning of muscular strength 

capabilities. These may include fear of pain or injury, misunderstanding of examiner instructions, 

and unfamiliarity with task demands (Dvir, 2004; Lechner et al., 1998). Although aware of this 
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fact, utilization of only the two aforementioned effort types was primarily dictated by practical 

considerations related to the availability of isokinetic dynamometer. As such, future studies 

should address this limitation by incorporation of measurements of sincere submaximal efforts.  

5.7 Conclusion 

The waveform consistency-based decision rules presented in this investigation may allow 

determination of maximal effort production during isokinetic strength testing of the knee 

extensors utilizing a non-reciprocal protocol of concentric and eccentric contractions. However, 

the proposed methods are limited in verifying maximal effort production of the knee flexors. In 

addition, the use of physiological-based indexes is difficult using the particular dynamometer 

used in the investigation. Improvement in differentiation capabilities may perhaps be achieved 

considering different dynamometer operational procedures, and perhaps use of other time-series 

analyses measures. 

5.8 References 

Almosnino, S., Stevenson, J. M., Day, A. G., Bardana, D. D., Diaconescu, E. D., & Dvir, Z. 

(2011). Differentiating between types and levels of isokinetic knee musculature 

efforts. Journal of Electromyography and Kinesiology, 21(4), 974-981. 

Ayalon, M., Rubinstein, M., Barak, Y., Dunsky, A., & Ben-Sira, D. (2001). Identification of 

feigned strength test of the knee extensors and flexors based on the shape of the 

isokinetic torque curve. Isokinetics and exercise science, 9(1), 45-50. 

Birmingham, T. B., & Kramer, J. F. (1998). Identifying submaximal muscular effort: reliability of 

difference scores calculated from isometric and isokinetic measurements. Perceptual and 

motor skills, 87(3f), 1183-1191. 

Birmingham, T.B., Kramer, J.F., Speechley, M., Chesworth, B.M., & MacDermid, J. (1998). 

Measurement variability and sincerity of effort: clinical utility of isokinetic strength 

coefficient of variation scores. Ergonomics, 41(6), 853-863. 

Bohannon, R. W., & Smith, M. B. (1988). Differentiation of maximal and submaximal knee 

extension efforts by isokinetic testing. Clinical Biomechanics, 3(4), 219-221. 



 

147 

 

Chaler, J., Dvir, Z., Díaz, U., Quintana, S., Abril, À., Unyó, C., & Garreta, R. (2007). 

Identification of feigned maximal shoulder external rotation effort. Clinical 

Rehabilitation, 21(3), 241-247. 

Croisier, J.L., Ganteaume, S., Binet, J., Genty, M. Ferret, J.M. (2008). Strength imbalances and 

prevention of hamstring injury in professional soccer players: a prospective study. 

American Journal of Sports Medicine, 36 (8), 1469-1475. 

David, G., Dvir, Z., Mackintosh, S., & Brien, C. (1996). Validity study of a novel test protocol 

for the identification of submaximal muscular effort. Isokinetics and exercise science, 6, 

139-144. 

Derrick, T. R., & Thomas, J. M. (2004). Time series analysis: The cross-correlation function. In 

N. Stergiou (Ed). Innovative Analysis of Human Movement (pp. 189-205). Champaign, 

IL, Human Kinetics. 

Derrick, T. R., Bates, B. T., & Dufek, J. S. (1994). Evaluation of time-series data sets using the 

Pearson product-moment correlation coefficient. Medicine and science in sports and 

exercise, 26(7), 919-919. 

Dvir, Z. (2004). Isokinetics: Muscle testing, interpretation and clinical applications (2
nd

 ed.). 

Edinburgh, Churchill Livingstone.  

Dvir, Z., & Keating, J. (2003). Trunk extension strength and validation of trunk extension effort 

in chronic low-back dysfunction patients. Spine 28(7), 685–92. 

Dvir, Z. (2002). Clinical application of the DEC variables in assessing maximality of muscular 

effort: report of 34 patients. American journal of physical medicine & 

rehabilitation, 81(12), 921-928. 

Dvir, Z., & David, G. (1996). Suboptimal muscular performance: measuring isokinetic strength of 

knee extensors with new testing protocol. Archives of physical medicine and 

rehabilitation, 77(6), 578-581. 

Enoka, R. M. (1996). Eccentric contractions require unique activation strategies by the nervous 

system. Journal of Applied Physiology, 81(6), 2339-2346. 

Fang, Y., Siemionow, V., Sahgal, V., Xiong, F., & Yue, G. H. (2004). Distinct brain activation 

patterns for human maximal voluntary eccentric and concentric muscle actions. Brain 

research, 1023(2), 200-212. 

Impellizzeri, F.M.,Bizzini, M., Rampinini, E., Cereda, F., & Maffiuletti,N.A. (2008). Reliability 

of isokinetic strength imbalance ratios measured using the Cybex NORM dynamometer. 

Clinical Physiology and Functional Imaging, 28(2),113–119. 



 

148 

 

Jensen, R.C., Warren, B., Laursen, C., & Morrissey, M.C. (1991).Static pre-load effect on knee 

extensor isokinetic concentric and eccentric performance. Medicine and Science in Sports 

and Exercise 23(1),10-14.  

Kellis, E., & Baltzopoulos, V. (1995). Isokinetic eccentric exercise. Sports medicine, 19(3), 202-

222. 

Kramer, J.F., Vaz, M.D., & Hakansson, D. (1991). Effect of activation force on knee extensor 

torques. Medicine and Science in Sports and Exercise, 23(2), 231-237. 

Lechner, D. E., Bradbury, S. F., & Bradley, L. A. (1998). Detecting sincerity of effort: a summary 

of methods and approaches. Physical therapy, 78(8), 867-888. 

Lin, P. C., Robinson, M. E., Carlos, J., & O'Connor, P. (1996). Detection of submaximal effort in 

isometric and isokinetic knee extension tests. Journal of Orthopaedic and Sports Physical 

Therapy, 24(1), 19-24. 

Mullineaux, D. R., Bartlett, R. M., & Bennett, S. (2001). Research design and statistics in 

biomechanics and motor control. Journal of Sports Sciences, 19(10), 739-760. 

Oda, S., & Moritani, T. (1996). Interlimb co-ordination of force and movement-related cortical 

potentials. European journal of applied physiology and occupational physiology, 74(1), 

8-12. 

Olmo, J., Jato, S., Benito, J., Martín, I., & Dvir, Z. (2009). Identification of feigned ankle plantar 

and dorsiflexors weakness in normal subjects. Journal of Electromyography and 

Kinesiology, 19(5), 774-781. 

Orchard, J., Steet, E., Walker, C., Ibrahim, A., Rigney, L., & Houang, M., (2001). Hamstring 

muscle strain caused by isokinetic testing. Clinical Journal of Sports Medicine, 11(4), 

274–276. 

Parkinson, R.J., Bezaire, M., & Callaghan, J.P. (2011). A comparison of low back kinetic 

estimates obtained through posture matching, rigid link modeling and an EMG-assisted 

model. Applied Ergonomics, 42(5), 644-651. 

Perrin, D.H. (1993). Isokinetic exercise and assessment. Champaign, IL,USA: Human Kinetics. 

Reid, C.R., Bush, P.M., Cummings, N.H., McMullin, D.L., Durrani, S.K. (2010). A review of 

occupational knee disorders. Journal of Occupational Rehabilitation, 20(4),489-501. 

Robinson, M. E., O'Connor, P. D., Riley, J. L., Kvaal, S., & Shirley, F. R. (1994). Variability of 

isometric and isotonic leg exercise: utility for detection of submaximal effort. Journal of 

Occupational Rehabilitation, 4(3), 163-169. 



 

149 

 

Stergiou, N., Bates, B.T., James, S.L. (1999). Asynchrony between subtalar and knee joint 

function during running. Medicine and Science in Sports and Exercise, 31(1), 1645-1655. 

Tis, L.L., Perrin, D.H., Weltman, A., Ball, D.W., Gieck, J.H. (1993). Effect of preload and range 

of motion on isokinetic average and peak torque of the knee extensor and flexor 

musculature. Medicine and Science in Sports and Exercise 25(9), 1038-1043.  

Torra Parra, M. (2011). Avaluació de l’esforç submàxim dels flexors dorsals i palmars de canell 

mitjançant dinamometria isocinètica (Thesis), Universitat Autonoma de Barcelona, 

Cerdanyola del Vallès, Catalonia, Spain. 

Umberger, B. R. (2008). Effects of suppressing arm swing on kinematics, kinetics, and energetics 

of human walking. Journal of biomechanics, 41(11), 2575-2580. 

Zemach, L., Almoznino, S., Barak, Y., Dvir, Z., 2009. Quadriceps insufficiency in patients in 

patients with knee compromise: How many velocities should an isokinetic test protocol 

consist of?  Isokinetics & Exercise Science, 17(3), 129-133. 



 

150 

 

 

Chapter 6 

Moment Curve Frequency Content as a Measure for Discriminating 

Between Maximal and Non-Maximal Isokinetic Shoulder Flexion and 

Extension Efforts 

Abstract 

This investigation used the isokinetic-based moment signal’s frequency content for 

differentiating between maximal and non-maximal shoulder flexion/extension efforts. 

Participants performed 3 sets of 5 concentric repetitions through 60° of range of motion at 

angular velocities of 30°/sec and 120°/sec. The sets consisted of maximal efforts; an attempt to 

feign muscular strength capabilities, and; a set of sincere submaximal efforts. Moment-time series 

were transformed into the frequency domain and the frequency content contained within 95% and 

99% of total signal power was calculated. For the low and high testing velocities, the best 

performing tolerance interval based cut-off scores yielded specificity and sensitivity values of 

92.6% and 70.4%, and 100% and 72.2%, respectively. The performance of the cut-off scores 

suggests that the moment signal’s frequency content contributes to the ability to differentiate 

between maximal and non-maximal shoulder efforts, and may be of value in development of 

multivariate decision rules for such purposes.  
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6.1 Introduction 

Work-related injuries to the shoulder complex are common in the United States and Canada, 

and impose a significant burden in terms of time off work and related restitutions (Bureau of 

Labor Statistics 2011; Workplace Safety and Insurance Board 2009). The evaluation of shoulder 

muscular strength may assist clinicians in assessing an injured worker’s progression through 

rehabilitation, as well as may contribute to decision-making processes related to disability and 

impairment ratings, and readiness to return to work. Use of isokinetic dynamometry for such 

purposes may be advantageous due to the ability to test several muscle groups (i.e. flexor and 

extensors, abductors and adductors, internal and external rotators); the ability to accommodate 

those that are injured by control of the range of motion, movement velocity and the contraction 

type at which efforts are performed, and the quantitative nature of the data output.  However, a 

prerequisite in the use of strength scores in the aforementioned settings relates to the exertion of 

maximal voluntary efforts during testing (Dvir 2004; Lechner et al. 1998). Thus, a necessity 

arises to devise methods and decision rules for enabling clinicians to ascertain with a high degree 

of confidence whether maximal efforts were in fact produced.  

With respect to the shoulder musculature, to our knowledge, less than a handful of 

investigations have attempted to establish decision rules for such purposes (Chaler et al. 2013, 

2007; Dvir et al., 2002). The methodology used in these particular studies is based on the well-

established skeletal muscle strength-movement velocity relationship, and particularly relies on the 

difficulties encountered in producing intentional eccentric non-maximal efforts (Dvir 2004). 

A different theoretical approach was elaborated upon by Kroemer and Marras (1981; 1980), 

and draws from presumed differences in the neuromuscular strategies during performance of 

maximal or non-maximal efforts). In particular, during maximal voluntary effort attempts, the 
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neuromuscular strategy adopted by humans apparently aims to maximize motor unit rate 

recruitment and rate coding of the agonist muscles, whilst  at the same time attempts to minimize 

antagonistic muscle activity. On the other hand, during performance of non-maximal efforts, 

central nervous system regulation of motor unit activation seems to vary in an attempt to modify 

the intended muscular force output to that actually exerted, as gauged by continuous peripheral 

feedback (Kroemer and Marras 1981, 1980).  

It can be inferred that these aforementioned differences in neuromuscular strategies between 

maximal and non-maximal efforts will be partly manifested in the degree of strength curve 

smoothness. Although it should be noted that Kroemer and Marras (1981;1980) primarily refer to 

static (isometric) contractions, it may be that these differences in neuromuscular strategies may be 

generalized to the dynamic contraction case, and particularly those performed at iso-velocity 

conditions. In particular, previous investigators have qualitatively described this phenomenon 

during production of maximal isokinetic-based efforts.  A conspicuous feature of the maximal 

strength curves is a high degree of moment steadiness, or smoothness through the tested range of 

motion. On the other hand, during production of non-maximal efforts, strength curves display 

irregular patterns typified by the presence of high frequency oscillations (Almosnino et al. 2011; 

Ayalon et al. 2001; Hazard et al. 1988). 

In these regards, it should be first noted that the aforementioned qualitative observations 

regarding the effort-dependent smoothness of muscular force production have mostly been based 

on depiction of strength curves attained from testing of the knee and trunk.  Isokinetic-derived 

shoulder strength curves, on the other hand, have received much less attention, and consequently 

it is uncertain whether they exhibit the same aforementioned variations in moment curve 

smoothness between maximal and non-maximal exertions.  
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Second, attempts to quantify the above-mentioned differences in strength curve morphology 

have yielded mixed results (e.g. Almosnino et al. 2012, 2011; Birmingham et al 1998; 

Birmingham and Kramer, 1998; Colombo et al. 2008; Hazard et al. 1988; Lin et al. 1996). This 

may be a consequence of several issues, one of which pertains to differences in the nature of the 

non-maximal effort produced. Namely, in some studies the participants were asked to exert a non-

maximal effort at a set percentage of self-perceived maximum (e.g. 50%), whilst in other studies 

the participants were asked to feign, in some capacity or form, deficiencies in muscular strength 

capabilities (Dvir 2001). In addition, the inconsistent ability to differentiate between maximal and 

non-maximal efforts across studies may be due to the insensitivity of the outcome measures 

utilized for such purpose.  Thus, exploration of other measures that may offer better 

discriminatory capabilities is warranted.  

Given these factors, this investigation explored the use of the moment-time signal’s frequency 

content for differentiating between maximal and non-maximal isokinetic shoulder extension and 

flexion efforts. This particular measure, which has been seldom used in the analyses of isokinetic 

moment curves (Almosnino et al. 2010; Bryant et al. 2011, 2009; Tsepis et al. 2004) seems to be 

an appropriate choice for such purposes due to the aforementioned qualitative observations 

regarding the presence of high frequencies in strength curves obtained from non-maximal efforts, 

as compared to those curves obtained from maximal voluntary efforts. 

6.2 Methods 

6.2.1 Participants 

Participants were recruited through direct contact and advertisement. A self-report medical 

questionnaire was administered to identify exclusion criteria, including: Current or past injury to 
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the upper extremities and spine; recurrent episodes of fainting or dizziness; a history of high 

blood pressure and current use of medication (excluding contraceptives). 

A total of 27 participants were included in the study. Of these, 15 were men (mean ± SD age 

26.8 ± 3.2 years; mass 79 ± 10 kg; height 1.77 ± 0.06 m); and 12 were women (24.7 ± 3.1 years 

of age; mass 65 ± 5  kg.; height 1.68 ± 0.05 m).  None of the participants had prior experience 

exercising using isokinetic dynamometry. Each participant provided written informed consent 

prior to testing. The experimental procedures were approved by the Queen’s University General 

Research Ethics Board (Appendix A). 

6.2.2 Procedures 

A Biodex System 3 isokinetic dynamometer (Biodex Medical Inc., Shirley, NY, USA) was 

used to test the strength of dominant shoulder’s flexors and extensors muscle groups. Side 

dominance was defined as the preferred ball throwing arm.  Verification of the dynamometer’s 

calibration settings was done prior to testing according to the manufacturer’s guidelines (Biodex 

2011).  

Upon arrival to the laboratory, the participants performed examiner-guided arm rotations and 

stretching. Thereafter, the participants were seated and restrained using pelvis and chest straps, 

and using a strap crossing the untested shoulder. The tested shoulder’s acromium process was 

then palpated and aligned with the dynamometer’s axis of rotation, as per the manufacture’s 

guidelines (Biodex 2011). In three cases, the axis alignment procedure was not possible due to the 

combined effect of the participants’ trunk length and the dynamometer’s chair and motor height-

adjustment reaching their minimal and maximal limits, respectively. In these cases, the chair 

height was set to its lowest level, whilst the motor was brought up to its maximal height. Further 

elaboration on this topic is provided in the discussion section. 
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Testing was performed through a 60° range of motion (ROM) corresponding to -20° of flexion 

to 40° of extension, with 0° signifying a horizontal arm position in the sagittal plane. Warm-up 

and familiarization included performance of 6 sets of 3 low effort repetitions starting at a testing 

velocity of 180°/sec and descending to 30°/sec in 30°/sec increments. Following 2-3 minutes of 

rest, the participants performed 1-2 repetitions at a self-perceived 80% and 90% of maximum, 

followed by 1-2 repetitions at a maximal effort at each of the two testing velocities. The 

participants were instructed to neutrally grip the specialized shoulder attachment whilst 

maintaining an extended elbow position, as well as to perform efforts through the entire range of 

motion without attempting to decelerate the lever arm at end-range.  

Testing incorporated 3 sets of 5 continuous shoulder flexion and extension repetitions 

performed at velocities of 30°/sec and 120°/sec. The first set consisted of maximal efforts. The 

maximal effort set was performed first since this enabled the participants to be fully aware of 

their maximal capabilities prior to performance of the non-maximal effort sets. The second set 

was of feigned muscular effort attempts. Prior to this particular set, the participants were read a 

standardized vignette adopted from previous investigations, in which they were asked to feign 

shoulder muscular strength capabilities for the exclusive purpose of financial gain in a 

compensation setting, while at the same time trying to convince the examiner they are exerting 

their maximal effort (Almosnino et al. 2012, 2011). This set was performed prior to the sincere 

self-selected submaximal level set since we did not want to consciously evoke a feigning strategy 

that would resemble a sincere submaximal performance (although the participant’s had 

knowledge and experience of submaximal performance due to performing these efforts as part of 

warm up).The third set included submaximal efforts performed at a self-selected, comfortable 

level. Preceding both the feigning and submaximal sets, the participants were allowed to perform 
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a self-selected number of practice repetitions to practice their feigning strategy or to gauge their 

individual comfortable strength exertion level. During the performance of all sets, the participants 

were allowed to view the concurrent moment-time series display, as well as received standardized 

audible feedback (‘push up all the way!’ or  ‘pull down all the way!’) at the start of each flexion 

and extension repetition, respectively. Testing of the slower velocity always preceded the faster 

one (Dvir 2004), and a 3 to 4 minute rest period was provided in between sets. Data were sampled 

at 100 Hz using the manufacture’s proprietary software, and stored for offline analyses.   

6.2.3 Data Analyses 

Isokinetic-based moment time series may contain abrupt spikes at the initial and end phases of 

each repetition. These may occur due to arresting of the lever arm once iso-velocity condition is 

reached, and due to the sudden deceleration of the lever arm at the end of the range of motion. 

These spikes are known to result in erroneous peak moment values (Dvir 2004), and are likely to 

influence the signal’s frequency content. There are three possible approaches for elimination of 

these moment spike, which are either used individually or in combination: 1) filtering of the 

moment signal; 2) consideration of moment data achieved only within the iso-velocity range, and: 

3) elimination of moment data within a pre-defined portion of the range of motion corresponding 

to that which moment spikes occur. However, these solutions are arguably not appropriate for use 

in the current investigation. In particular, filtering would have an obvious effect on the signal’s 

frequency content, which is the primary outcome measure. Second, attaining iso-velocity is a 

function of muscular strength capabilities, and thus iso-velocity may not be achieved or 

maintained during weak effort attempts. In addition, since it would take a longer time period to 

accelerate the lever arm to the higher preset velocities, a significant portion of potentially useful 

data may be lost if considering analysis only within the iso-velocity range. 
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Similarly, if considering only a portion of the range of motion where the moment spikes are 

not apparent, then a question arises as to whether this should be done per participant (which may 

induce inter and intra individual variations in scores due to inconsistent repetition lengths), or 

finding the minimal range of motion across participants where the spikes are not apparent.    

Ostensibly, this approach would allow standardizing of the range of motion considered for 

analyses across different participants and conditions however may arguably result in loss of 

useful discriminatory information for the majority of participants. Given the above, it was 

decided that utilization of the entire moment-time series would be the best solution for the 

specific aims of the investigation.  

The moment output consisted of an alternating waveform with a slight DC bias towards the 

stronger side. Since the presence of this bias may result in the signal’s frequency content being 

dependent on the relative strength of the extensor’s and flexor’s muscle groups, the bias was 

removed prior to calculations by subtraction from the entire moment waveform.    

Moment signals were then transformed into the frequency domain using the Fast Fourier 

Transform (FFT) algorithm, and the power spectrum was subsequently obtained. For each 

individual set, the power contained within 95% and 99% of total signal power was calculated 

(Stergiou et al. 2002). In addition, we also extracted the peak moment attained in each individual 

set for each direction (flexion and extension). To avoid the aforementioned moment spike 

phenomena, the peak values were found when considering only the middle 40° of the tested range 

of motion. 

6.2.4 Statistical Analyses 

For descriptive purposes, each individual’s gravity corrected peak moment attained in both 

non-maximal efforts were expressed as percentages of maximal effort attempts.  
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Initially, unpaired, two-tailed t-tests were used to discern any sex-based differences in moment 

frequency content at the two levels of signal power. Since no differences were observed (p>0.05 

in both cases), scores of both males and females participants were combined for determination of 

cut-off scores for differentiating between maximal and non-maximal efforts. These cut-off scores 

were established by calculation of one-sided tolerance intervals based on normal distribution 

assumptions at two levels: The first covered an estimated 95% of population maximal efforts with 

a probability of 95%, and the second more restrictive, covered 99% of population maximal efforts 

with a probability of 95% (Olmo et al. 2009). Performance of these cut-offs are reported in terms 

of the number of misclassification per condition and accompanying specificity and sensitivity 

percentages. 

6.3 Results 

A summary of the strength exerted during feigned and submaximal effort attempts expressed 

as a percentage of maximal efforts is presented in Table 6.1. On average, non-maximal shoulder 

flexion efforts were performed at a higher percentage of maximal voluntary effort than shoulder 

extensions. In addition, score standard deviation and range values indicate that in both feigned 

and self-selected submaximal effort attempts, large inter-participant variations exist in the levels 

of exerted effort.    

Descriptive statistics of the frequency content obtained at each percentage of total signal 

power at each testing velocity are provided in Table 2. On average, maximal effort frequency 

content scores are lower and exhibit smaller variations in scores compared to both non-maximal 

effort conditions. In addition, self-selected submaximal efforts were, on average, characterized by 

lower frequency content and lesser inter-participant variations in score in comparison to feigned 

effort attempts. 
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Table 6-1: Group mean ± SD and range (in parenthesis) of strength exerted during feigned and 

submaximal shoulder flexion and extension efforts expressed as a percentage of maximal efforts.  

 

Direction 

 

Velocity Maximal Efforts Feigned Efforts Submaximal Efforts 

Shoulder Flexion 

30°/sec 

 

100% 

 

66% ± 20% 

(18% to 92%) 

70% ± 14% 

(40% to 99%) 

 

120°/sec 

 

100% 
69% ± 20% 

(27% to 96%) 

65% ± 26% 

(29% to 98%) 

Shoulder Extension 

 

30°/sec 

 

100% 
51% ± 20% 

(17% to 95%) 

53% ± 22% 

(24% to 96%) 

 

120°/sec 

 

100% 
46% ± 22% 

(11% to 96%) 

51% ± 27% 

(13% to 97%) 

 

 

Table 6-2: Group mean ± SD frequency content scores for maximal, feigned, and self-choice 

submaximal efforts.  

 

% Signal Power 

 

Velocity 

 

Frequency Content  

Maximal   Efforts (Hz) 

 

Frequency Content  

Feigned Efforts (Hz) 

Frequency Content  

Submaximal Efforts (Hz) 

95% 

 

30°/sec 

 

0.68±0.16 7.05±8.92 1.18±0.80 

 

120°/sec 

 

3.91±1.39 11.63±5.23 8.65±4.37 

 

99% 

30°/sec 

 

3.27±1.67 

 

18.64±14.45 7.56±4.48 

120°/sec 
 

16.45±4.72 

 

28.51±7.94 

 

24.37±7.38 
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The tolerance interval-based cut-off scores intended to classify efforts as maximal or not are 

presented in Table 6.3. The performance of these cut-off scores varies as function of the 

estimated population percentage coverage, as well as the percentage of total signal power 

considered.  In particular, for efforts performed at 30°/sec, the best performing cut-off score 

yielded specificity and sensitivity values of 92.6% and 70.4%, respectively. For efforts performed 

at 120°/sec, the best performing cut-off score resulted in test sensitivity and specificity values of 

100% and 72.2%, respectively. Of interest is that the number of feigned efforts misclassified as 

maximal is smaller than that of self-selected submaximal efforts at each testing velocity and 

percentage of signal power. 

 

Table 6-3: Tolerance interval-based cut-off scores for each percentage of signal power and 

velocity. The performance of the cut-off scores is reported in terms of the number of 

misclassification per condition and accompanying specificity and sensitivity percentages.  

% Signal 

Power 
Velocity 

Tolerance Interval 

Coverage and Level of 

Confidence 

Cut-off 

Score (Hz) 

# of Max 

Misclassified 

# of Non-max 

Misclassified  

(Feigned- 

Submaximal) 

Sp 

(%) 

Sn 

(%) 

95% 

30°/sec 

 

p=0.95α=0.05 

 

1.03 2/27 16/54 (4-12) 92.6 70.4 

 

p=0.99α=0.05 

 

1.17 0/27 27/54 (8-19) 100 50 

120°/sec 

 

 

p=0.95α=0.05 

 

7.04 0/27 15/54 (4-11) 100 72.2 

 

p=0.99α=0.05 

 

8.23 0/27 24/54 (6-18) 100 55.6 

99% 30°/sec 

 

p=0.95α=0.05 

 

5.77 3/27 16/54 (5-11) 88.9 70.4 
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p=0.99α=0.05 

 

6.71 2/27 23/54 (7-16) 92.6 57.4 

120°/sec 

 

p=0.95α=0.05 

 

27.05 0/27 31/54 (9-22) 100 42.6 

 

p=0.99α=0.05 

 

31.08 0/27 37/54 (13-24) 100 31.5 

Table abbreviations: Max = maximal efforts; Non-max = non-maximal efforts; p = population percentage estimate; α 

= probability level for a Type 1 error; Sp = specificity; Sn = sensitivity. 

 

 

6.4 Discussion 

The performance of the cut-off scores in this investigation are comparable to those reported in 

other investigations utilizing a single time domain-measure based on static and dynamic exertions 

of various muscle groups (e.g. Birmingham et al. 1998; Birmingham and Kramer 1998; Dvir 

1999; Lin et al. 1996; Shechtman 2001; Robinson et al. 1997). However, the current results are 

inferior to those concerned specifically with the assessment of the shoulder joint musculature 

(Chaler et al. 2007; Dvir et al., 2002). In particular, Chaler et al. (2007) report that in participants 

with characteristics similar to the ones tested in this study, complete discrimination was achieved 

between maximal and feigned efforts attempts (i.e. 100% sensitivity and specificity values), 

whilst Dvir et al. (2002) report an identification power ranging between 82.4% and 100%, 

dependent on the testing velocities and tolerance interval cut-off scores considered. 

 Though, the current investigation differs from these aforementioned studies, and in fact from 

the majority of previous investigations concerned with the topic of differentiating between 

maximal and non-maximal efforts due to consideration of two types of non-maximal efforts (i.e. 

feigned and sincere) in cut-off score determination. This is a necessity since exertions of 

submaximal efforts stemming from various reasons may be encountered in the clinical realm. In 
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particular, previous investigators have noted that several reasons may inhibit participants from 

exerting their maximal effort with no attempt to alter test results in a deceitful manner (Dvir 

2004; Lechner et al. 1998; Robinson et al. 2004). These reasons may include, for example, 

misunderstanding of instructions or of the importance of the test, as well as various psychological 

issues, such as fear of pain or injury, depression, and others.  Thus, the performance of two non-

maximal effort types should be taken into account when comparing our results to those 

investigations that have used scores from only one type or self-perceived strength level of non-

maximal effort.  

In addition, as opposed to the vast majority of previous investigations concerned with 

differentiating between maximal and non-maximal efforts, we provided feedback on performance 

throughout testing. The reasoning for this relates to the positive effect feedback has been found to 

have on isokinetic muscular strength values (e.g. Campenella et al. 2000; Kim and Kramer 1997; 

O’Sullivan and O’Sullivan 2008). The provision of feedback also concurs with at least one 

definition of what constitutes a maximal voluntary contraction: “a maximal contraction that a 

subject accepts as maximal and that is produced with appropriate continuous feedback of 

achievement” (Gandevia 2001). The reasoning for not providing feedback in previous 

investigations, particularly that of the concurrent visual display of moment-time curves, is due to 

the possibility of the participants being better able to modulate non-maximal efforts, which is 

clearly not favorable if scores are to be used particularly in medico-legal assessments (Dvir and 

David 1996). However, it should be noted that whilst there are indications that visual feedback 

may improve submaximal isometric force target level estimation (e.g. Baweja et al. 2009), it is 

uncertain if this is also the case for dynamic muscular efforts performed at iso-velocity.  Thus, 
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this investigation raises the need to systematically assess the effects of various types of feedback, 

and especially visual feedback on the ability to modulate non-maximal dynamic efforts.  

In the current investigation, we encountered a predicament related to test positioning of some 

participants. As noted earlier, the current setup proposed by the manufacturer for testing of the 

shoulder flexors and extensors does not allow accommodation of participants with long torsos.  

We were not able to identify this matter during pilot testing, simply due to pilot testing conducted 

with participants of appropriate torso dimensions. As such, this investigation highlights the need 

find a standardized testing position for the current isokinetic dynamometer that that would enable 

testing of participants of different anthropometric characteristics.  

Since our sample size was relatively small, we did not attempt to use multivariate approaches 

for construction of the cut-off scores, as this would likely have resulted in model over fitting due 

to a low predictor to observation ratio.  However, several investigations pertaining to the topic 

area of differentiating between maximal and non-maximal efforts have shown that a multivariate 

discriminatory model actually improves upon discriminatory capabilities (e.g. Almosnino et al. 

2012, 2011; Lin et al. 1996; Smith et al. 1992, 1989). The results of the current investigation 

suggest that one potential predictor worth considering in the development of such predictor 

models is the isokinetic moment-time series frequency content.  

6.5 Conclusion 

This investigation is one of less than a handful to analyze isokinetic dynamometer muscular 

strength output in the frequency domain, and the first to gauge the utility of this measure for 

purposes of discriminating between maximal and non-maximal efforts. The results attained point 

to possible consideration of this measure for such purposes, however several issues related to the 

effects of feedback of performance and methodology are in need of further research. 
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Chapter 7 

Discussion 

7.1 Introduction 

Determination of muscular strength capabilities is an important component in the evaluation 

of human performance (Kroemer, 1999; Kumar, 2004). The validity of strength scores attained 

from testing is largely based on the assumption that the participant exerted their maximal 

exertions (Dvir, 2004). Since there are numerous possible reasons for exertion of non-maximal 

efforts during muscular strength testing, a necessity arises to allow declaration of efforts as being 

maximal or not maximal with a high level of confidence. The overall purpose of this dissertation 

was to advance current knowledge on the topic as well as attempt to translate this knowledge into 

the clinical realm. The following subsections are meant first to highlight the scientific 

contributions made in this dissertation, as well as limitations and directions for future research.  

7.2 Scientific Contributions 

In comparison to previous investigations concerned with the topic area of differentiating 

between maximal and non-maximal effort, the studies in this dissertation expand and improve 

upon several key methodological aspects, which were identified through the overview of methods 

presented in Chapter 2. It should be noted, however, that these aspects do not appear in all of the 

investigations. This is a simple consequence of the process associated with knowledge attainment, 

and continuous improvement made to the experimental protocols.  

The first aspect in which methodological advancement was made relates to the outcome 

variables used for decision rule development. In particular, use of the zero phase, normalized 
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cross correlation (CC) and the percent root mean square difference (%RMSD) is novel in the 

analysis of isokinetic-derived moment-time curves.  In addition, the use of the frequency content 

of the isokinetic-based moment-time series is novel in its application as a measure for 

differentiating between maximal and non-maximal efforts.   

Second, another novel aspect of studies presented in this dissertation is that in the 

development of decision rules for differentiating between maximal and non-maximal efforts in 

chapters 3 and 5, namely, possible variations in within-set strength consistency scores due to 

testing on different days, were taken into account. This aspect is important since performance at 

iso-velocity is, in the vast majority of cases, a novel task. Thus, improvements in performance, 

and particularly in within-set internal consistency may be apparent on a second testing session. 

These improvements may be manifested not only during production of maximal efforts, but also 

in the performance of both sincere submaximal and feigned efforts in the second testing session. 

That is, due to familiarization with non-maximal effort task demands in the first testing session, it 

may be argued that participants may improve on within-set consistency of these effort types as 

well.  

Third, excluding the experimental protocol utilized in Chapter 5, decision rule development 

and validation were achieved whilst taking into account performance of both feigned attempts 

and sincere non-maximal ones performed at different levels. More so, these efforts were 

performed following maximal effort attempts. This point arguably enhances the robustness of the 

decision rules, since participants were fully aware of what constitutes their so-called “best” 

performance, which may result in better tuning of submaximal and feigned performances.  

Another contribution of this dissertation relates to attempts to generalize results from the 

experimental sample to the population it represents. The use of Monte Carlo simulations for such 
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purposes is novel, and addresses a widely acknowledged problem in research pertaining to human 

performance, namely the use of small sample sizes. 

More so, the decision rules presented in Chapter 3, which were established based on testing of 

healthy participants, were validated in a patient sample recovering from a common surgical 

intervention, a validation that is not often completed (Robinson and Dannecker, 2004).  

7.3 Limitations and Future Research Avenues 

Throughout this dissertation, several points have been consistently raised that are in need of 

addressing from both a theoretical and practical standpoint.  

First, it is acknowledged that performance of non-maximal efforts may stem from several 

factors, most notably those related to psychological constructs (Dvir, 2004; Lechner et al., 1998). 

In this context, the experimental designs and the decision rules developed in this dissertation do 

not aim, and thus do not allow, the identification of underlying reasons for producing such an 

effort. This particular query may be argued to be of interest in the use of, not only strength 

capability scores, but also any measure of human performance in a wide variety of settings (e.g. 

medico-legal, rehabilitative, and athletics). In specifics, the ability to associate characteristics of 

subpar muscular strength performance with certain psychological constructs may allow tailoring 

of individual treatments in a manner that may optimize recovery time, and be of cost benefit. In 

this context, the use of isokinetic-moment time series for purposes of identifying psychological 

constructs is intriguing, and to the author’s knowledge, has not been attempted. However, 

interesting examples of the use of biomechanically-related signals for such purpose are found in 

the literature (e.g. Crane and Gross, 2007; Montepare et al., 1987; Roether et al., 2009). No 

doubt, there would be a need to examine which psychological test battery items to use as well as 

use of  more advanced data analyses for advancing such purposes.  However, this is a topic that is 
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beyond the scope of this thesis despite its potential to contribute significantly to information that 

could be extracted from isokinetic-derived moment-time series.  

Second, one primary reason for exertion of non-maximal efforts may be the presence of pain 

during testing. At the current stage, testing of muscle strength capabilities (and arguably of many 

other aspects related to physical human performance) is contraindicated in the presence of 

participant pain.  This is a result of the presumed influence pain has on the ability to exert 

maximal voluntary efforts (Dvir, 2004).  However, participants in pain are routinely encountered 

in the clinical realm, and thus it seems that a major future research question worth exploring is: 

Can one infer about an individual’s physical capabilities from testing of non-maximal efforts? 

That is, there is a need develop methods and procedures that would accommodate participants in 

pain for accurate assessment of physical capabilities.  

Third, and with respect to the medico-legal setting, there seems to be a need for discussion of 

acceptable error rates in measurements as they pertain to legal interpretation. It may be argued 

that a consensus on what constitutes an acceptable error rate, especially in terms of test sensitivity 

and specificity values would greatly enhance the trustworthiness of any evidence, and specifically 

those derived from isokinetic-based testing.   

A fourth point relates to the need to develop decision rules for differentiating between 

maximal and non-maximal efforts for the musculature about other joints in the body.  In specifics 

to the medico-legal setting, a clear area of concern is testing of the back and neck. Isokinetic 

testing of the affiliated musculature of both these regions is challenging (Dvir, 2004; Dvir and 

Keating, 2003; Newton and Waddell, 1993).  In fact, to the author’s knowledge, commercial 

isokinetic devices do not offer specialized attachments to constrain the head, which would 

necessitate design and development of an attachment (e.g. Portero and Genries, 2003). In 
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addition, to the author’s knowledge, the back attachment that was available for purchase with the 

Biodex-made machines is out of production, and is not available with the newest machine version 

(System 4). Notwithstanding these issues, testing of back and neck musculature, as well as other 

joints such as the shoulder, hip and ankle are difficult due to inherent problems associated with 

biological and mechanical axis alignment, as well as participant and segment positioning and 

stabilization (Dvir, 2004). These factors may affect the reproducibility and validity of results, and 

should be addressed in a systematic manner.  

On a related point, reservations should be made regarding the patient population used for 

validation of the decision rules presented in Chapter 3. In particular, if considering the medico-

legal realm, then none of the tested patients was in fact involved in a compensation claim. Thus, it 

is unclear whether this may result in altered behavior manifested in strength production 

capabilities. In addition, only patients recovering from a specific type of injury were tested. 

Validation of the decision rules by testing of participants with different injuries is clearly 

warranted.  

Additionally, this dissertation used only one type of isokinetic dynamometer, which is 

problematic since, in general, there is a lack of agreement in test results across different 

dynamometers (e.g. Bardis et al., 2004; Cotte and Ferret, 2003). Although these results were 

primarily concerned with the agreement of absolute strength values, they highlight the need to 

compare within-set consistency strength measures across different devices.     

Lastly, from a theoretical standpoint, this dissertation highlights the need for research 

pertaining to the effects of different types of feedback on the ability to control submaximal effort 

exertions performed at iso-velocity. As noted previously, audible and visual feedback positively 

affect the magnitude of strength exerted during isokinetic testing. However, it has been reasoned 
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that feedback should not be provided in medico legal related assessments, since there is a 

possibility of such feedback assisting participants to alter feigned efforts in a manner that would 

not allow them to be distinguished from sincere, maximal attempts (Dvir and David, 1996). 

However, this point has never been investigated systematically. 

7.4  Summary and Conclusions 

To summarize, this dissertation initially introduces the needs for ascertaining the exertion 

maximal voluntary efforts in both the clinical and medico-legal realms. Relevant terms are then 

elaborated upon, followed by an overview of methods proposed for differentiating between 

maximal and non-maximal efforts. The initial studies in this dissertation were those concerned 

with development of decision rules for differentiating maximal and non-maximal efforts of the 

knee joint extension and flexion musculature efforts performed at different iso-velocities and 

contraction modes.  Since these decision rules were developed using healthy participants, another 

study was conducted to test the decision rules on participants recovering from Anterior Cruciate 

Ligament surgical reconstruction. The last study of this dissertation represents an initial attempt 

to differentiate between maximal and-non maximal shoulder extension and flexion efforts using a 

frequency analysis approach on moment time-series. 

The performance of the decision rules meant for differentiating between maximal and non-

maximal efforts is, in general, comparable or markedly superior to those reported previously. In 

addition, several advances have been made in terms of the experimental design and the analyses 

procedures utilized.  

To conclude, this dissertation shows the potential of improving current best practices by 

incorporation of isokinetic dynamometry-based strength testing capabilities in assessments 
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pertaining to the clinical and medico-legal realm. However, several practical and theoretical 

issues need to be addressed for such practices to be performed on a routine basis.   

7.5 References 

Bardis, C., Kalamara, E., Loucaides, G., Michaelides, M., & Tsaklis, P. (2004). Intramachine and 

intermachine reproducibility of concentric performance: A study of the Con-Trex MJ and 

the Cybex Norm dynamometers. Isokinetics and exercise science, 12(2), 91-97. 

Cotte, T., & Ferret, J. M. (2003). Comparative study of two isokinetics dynamometers: CYBEX 

NORM vs CON-TREX MJ. Isokinetics and exercise science, 11(1), 37-43. 

Crane, E., & Gross, M. (2007). Motion capture and emotion: Affect detection in whole body 

movement. Affective computing and intelligent interaction, 4738, 95-101. 

Dvir, Z. (2004). Isokinetics: Muscle testing, interpretation and clinical applications (2nd ed.). 

Edinburgh, Churchill Livingstone.  

Dvir, Z., & Keating, J. L. (2003). Trunk extension effort in patients with chronic low back 

dysfunction. Spine, 28(7), 685-692. 

Dvir, Z., & David, G. (1996). Suboptimal muscular performance: measuring isokinetic strength of 

knee extensors with new testing protocol. Archives of physical medicine and 

rehabilitation, 77(6), 578-581. 

Kroemer, K. H. (1999). Assessment of human muscle strength for engineering purposes: a review 

of the basics. Ergonomics, 42(1), 74-93. 

Kumar, S. (Ed.). (2004). Muscle strength. Boca Raton, FL, CRC Press. 

Lechner, D. E., Bradbury, S. F., & Bradley, L. A. (1998). Detecting sincerity of effort: a summary 

of methods and approaches. Physical therapy, 78(8), 867-888. 

Montepare, J. M., Goldstein, S. B., & Clausen, A. (1987). The identification of emotions from 

gait information. Journal of Nonverbal Behavior, 11(1), 33-42. 

Newton, M., & Waddell, G. (1993). Trunk strength testing with iso-machines: Part 1: Review of a 

decade of scientific evidence. Spine, 18(7), 801-811. 

Portero, P., & Genries, V. (2003). An update of neck muscle strength: from isometric to 

isokinetic assessment. Isokinetics and exercise science, 11(1), 1-8. 



 

175 

 

Robinson, M. E., & Dannecker, E. A. (2004). Critical issues in the use of muscle testing for the 

determination of sincerity of effort. The Clinical journal of pain, 20(6), 392-398. 

Roether, C. L., Omlor, L., Christensen, A., & Giese, M. A. (2009). Critical features for the 

perception of emotion from gait. Journal of Vision, 9(6), 1-15. 



 

176 

 

Appendix A 

Ethics Approval 

 



 

177 

 

Ethics Approval for Study Presented in Chapters 3, 5, and 6 

 



 

178 

 

Ethics Approval for Study Presented in Chapter 4 

 



 

179 

 

 



 

180 

 

Appendix B 

Letters of Introduction and Consent Forms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

181 

 

 

Letter of Introduction and Informed Consent for Chapters 3 & 5 Studies 

 

 

Letter of Introduction 

Ethics Consent Form 

 

 

 

 

 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

Dear Participant, 

 

This letter is an invitation to participate in a research study for the development and implementation of 

advanced procedures for the assessment of musculo-skeletal disorders.  I am a doctoral student from 

Queen’s University who is working with scientists and surgeons.  We wish to investigate whether various 

isokinetic strength assessment protocols will help improve the feedback we can give surgeons and 

rehabilitation specialists for patients who have undergone anterior cruciate ligament reconstruction or other 

knee soft tissue injuries.  This study is the first of a series of studies.  We first wish to investigate various 

strength assessment protocols with uninjured healthy participants before we investigate isokinetic strength 

protocols with injured athletes or injured workers.  The study is sponsored by the Workplace Safety and 

Insurance Board of Ontario.  

 

Before you decide whether or not to take part in the study, please read and understand the procedures and 

other factors of importance to your participation in this study. You will be given this letter to keep. Please 

ask if there is anything that is not clear to you or if you would like more information before deciding 

whether or not to take part in the study.  

 

Males and females with healthy knees are being invited to participate in the development stage of this 

project.  It will take place at the Human Mobility Research Centre, Queen’s University, Kingston, Ontario. 

S C H O O L  O F  K I N E S I O L O G Y  A N D  

H E A L T H  S T U D I E S  ( S K H S )  

28 Division Street 

Queen's University, Kingston, ON 

K7L 3N6 
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The study has been reviewed for ethical compliance by the Queen’s University Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board. 

 

The main objective of our study is to evaluate the feasibility of incorporating isokinetic dynamometry, the 

most advanced method for assessment of static and dynamic muscular function, in the evaluation test 

battery of injured athletes and workers during the rehabilitation process.  But before we begin testing 

injured athletes and workers, we wish to conduct some studies with individuals who have healthy knees in 

order to reduce the number of test items and verify our procedures.    

In specifics, the aims of the study are: 

 

 To validate the use of an established test called the DEC test when data are collected on a Biodex 

Isokinetic machine. The DEC test is defined as the difference between the ratios of maximal 

eccentric/concentric moments at the high and low velocities.  

 To determine if the same ratios can be attained during the DEC test if a reduced range of motion or a 

reduced strength demand is used.  

 To establish the between-day reliability of these methods.  

 To assess the ability of a novel data analyses procedure to differentiate between maximal and feigned 

knee extension and flexion efforts in healthy individuals.   

 

You will be asked to come in for testing either once, or if you wish, on two separate occasions, each lasting 

for approximately one hour.  If you choose to participate in both the first and second test, please be advised 

that they will be separated by 4-7 days.  

 

Study Procedures 

 

Test Session#1:  Orientation/Testing 

 

Before starting:  You will be asked to wear a tank top or sleeveless shirt and shorts for both testing 

sessions.  After listening to the testing procedures and instructions regarding the operation of the 

dynamometer, reading this letter of information, and signing a consent form, testing can begin. (10 minutes) 

 

Warm-up: You will be asked to perform a general warm-up of stretching following by low resistance 

cycling on a cycle ergometer. This will be followed by a familiarization with the isokinetic movement by 

completing 10 practice repetitions of increasing submaximal concentric and eccentric knee extension 

contractions and two short sets consisting of 2 maximal concentric and eccentric contractions separated by 

2 minutes. (~15 minutes) 
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Anthropometry:  During the first test session the research team will collect some physical measurements, 

which will later be used for data analyses. These measurements will include: height, weight, joint stability 

and joint laxity. (5 minutes) 

 

Testing (dominant leg): You will be asked to perform a total of 8 sets on your dominant leg. These are 

outlined below: (25 minutes) 

 

 Set 1-3: You will first perform 5 pairs of maximal concentric-concentric contractions at 60 

deg/sec. After 5 minutes, you will repeat the above procedure, but will be asked to perform at your 

perceived 75% and 50% effort (submaximal effort). You will then be read specific instruction 

regarding a simulated situation in which you will be asked to perform the same procedure as 

above, but this time pretending to have an injury that prevents you from returning to work.   

 

 Set 4-8:  DEC Protocol: After 3 minutes of rest, you will perform 3 reciprocal concentric-

eccentric knee extension contractions at maximal effort. You will do this first at 30 deg/sec, 

followed by 120 deg/sec. Testing at different velocities will be separated by 2-3 minutes. You will 

then be read the same instructions given to you before set 3, and will perform the same test 

pretending to have an injury. You will do this, once again, at both 30 deg/sec and 120 deg/sec. 

 

Testing (non- dominant leg): You will perform a total of 13 sets on your non-dominant leg. These are 

outlined below: (25 minutes) 

 

 Set 1-9: The strength of the non-dominant knee extensors and flexors will be measured at 3 

different ranges of motion at maximal and submaximal strength as well as feigned injury. The 

range of motion will be limited from 0-30º, 30-60º and 60-90º where 0º will be taken as the 

completely vertical position of the device arm relative to the ground. This corresponds to a 90º 

bend in your knee while in the seated position. You will then perform the concentric/concentric 

test as outlined above in part 1 for each one of the following ranges of motion: 0-30º, 30-60º and 

60-90º, at a constant angular velocity of 60º/s. 

 

 Set 10-13:  DEC Protocol: After 3 minutes of rest, you will perform 3 reciprocal concentric-

eccentric knee flexion contractions at maximal effort. You will do this first at 30 deg/sec, followed 

by 120 deg/sec. Testing at different velocities will be separated by 2-3 minutes. You will then be 

read the same instructions given to you before set 3, and will perform the same test pretending to 

have an injury. You will do this, once again, at both 30 deg/sec and 120 deg/sec. 

 

Test Session#2:  Re-test 

 

The re-test will be an identical process to Test Session #1, as we are testing the consistency and validity of 

the protocols and the dynamometer (thus we will try to make the re-test an exact replica of the first test). 

The 2
nd

 test will be conducted 4-7 days following the first one. 
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Risks and Benefits of Participation: 

To the best of our knowledge, there are no added injury risks to healthy individuals as a result of 

participation in this study. Based on previous scientific literature, no one has been injured during this DEC 

test.   However, the tests do involve maximal muscular effort and this can result in delayed onset muscle 

soreness.  If this occurs, please massage the muscles yourself or call our research team for further advice.  

Please let us know if soreness persists past four days or is unexpectedly painful.  In these cases will ask you 

to see your physician or call us so that we can arrange a physiotherapy or chiropractic visitation.  The 

largest risk would be for people who have medical contraindications, such as cardiovascular problems, or 

known musculoskeletal injuries.  To accommodate these risks, you will fill out a questionnaire regarding 

your physical health, as described in section.  If any problems are found, you will be excluded from testing, 

effectively reducing any risk.  For those completing the study, please be aware that this isokinetic machine  

has a mechanical stop and comfort stop button that you will hold during testing.  If this button is pressed, 

the machine will stop immediately to allow for further safety from injury. 

In terms of benefits from this study, there are no direct personal benefits expected. All tests, examinations, 

and medical care required as part of this study will be provided at no cost.  Although there are no direct 

benefits, your participation will contribute to improvements in the assessment of injuries and muscular 

strength using isokinetic dynamometers. 

 

Voluntary Participation and Withdrawal  

 

Your participation is voluntary and you will be given adequate time to decide whether you wish to 

participate in this study. You may decline to participate or are free to withdraw from the trial at any time 

without reason, without penalty or loss of benefits to which you are otherwise entitled. Your decision to 

decline to participate or withdraw will not affect the standard of care you receive or your relationship with 

your investigator(s). If you do not wish to participate or if you withdraw from the trial, neither your current 

nor future medical care will be adversely affected.  With your permission we will keep any data collected 

up to the point of your withdrawal from the study. By signing this consent form, you do not waive your 

legal rights nor release the investigators and sponsors from their legal and professional responsibilities. 

 

Confidentiality 

All information obtained during the course of this study is strictly confidential and your anonymity will be 

protected in all data analyses and publications.  Your data will be assigned a code number for your file.  All 

data will be recorded and protected by passwords in computer files with only the principal researcher and 

research assistants granted access.  Only summary data will be used so that no individual can be identified.  
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We wish to take some photos of the study but only require permission from one or two participants.  These 

photos will most likely include only the appendages tested to show the set-up.  If a face is in any of the 

photographs, it will be blacked out. 

 

Payment: 

You will be paid $20/ per testing session and a total of $ 40 if involved in the test-retest session. You will 

receive monetary reward immediately after completing each of the testing session. 

 

 

 

Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

Mr. Sivan Almosnino (School of Kinesiology and Health Studies)                  549-6666 (ext 

4226)Dr. Joan Stevenson (School of Kinesiology and Health Studies)   (613) 533-6288 

Dr. Jean Côté (School of Kinesiology and Health Studies)    (613) 533-6601 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark (Research Ethics Board, Chair)     (613) 533-6081 

 

Please ask any questions you wish and I, or my research assistant, will be glad to answer them before we 

proceed to the consent phase. 

 

 

Thank you. 

 

Sivan Almosnino,  

School of Kinesiology and Health Studies 

Principal Investigator 
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Participant’sCopy 

Ethics Consent  

 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

 

This page is for the researchers to verify that you are willing to participate in the above study.   By signing 

this page, you are declaring the following: 

 

The Meaning of your Signature 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You realize that you can withdraw at any time without penalty or coercion 

 You can contact any of people in this letter if I have questions, concerns or complaints 

 You realize that your data will be kept confidential.  Only if you sign a second time will 

additional photos be taken for possible use in presentations or publications.  The entire body may be 

shown in these photos, but your face will be blacked out. 

 By signing this consent form you do not wave your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities. 

 

(Please sign and keep this page for your own records)  

 

_____________________________________    __________________ 

Print your Name                 Date 

 

_____________________________________     

Signature of Participant        

 

_____________________________________    ___________________ 

Research Assistant        Date 

 

  

 

We would like to ask at least one or two individuals to permit photos or videos to be taken of the tasks. 

   

Please initial here if you are willing to permit photos/videos to be taken. ________   
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Researcher’sCopy 

Ethics Consent  

 

 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

This page is for the researchers to record that you are willing to participate in the above study.   By signing 

this page, you are declaring the following: 

 

The Meaning of your Signature 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You realize that you can withdraw at any time without penalty or coercion 

 You can contact any of people in this letter if I have questions, concerns or complaints 

 You realize that your data will be kept confidential.  Only if you sign a second time will 

additional photos be taken for possible use in presentations or publications.  The entire body may be 

shown in these photos, but your face will be blacked out. 

 By signing this consent form you do not wave your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities. 

 

(Please sign and return this page ONLY to the researchers)  

 

_____________________________________    __________________ 

Print your Name                 Date 

 

_____________________________________     

Signature of Participant        

 

_____________________________________    ___________________ 

Research Assistant        Date 

 

  

 

We would like to ask at least one or two individuals to permit photos or videos to be taken of the tasks. 

   

Please initial here if you are willing to permit photos/videos to be taken. ________   
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Letter of Introduction and Informed Consent for Chapter 4 Study 

 

Principal Investigator:  

Davide Bardana M.D  

Co-Investigators:  

Aaron Campbell M.D., Joan Stevenson Ph.D.,  

Sivan Almosnino M.Sc.  

 

Introduction to Study and Ethics Consent Form 

 

Quantification of Recovery from Anterior Cruciate Ligament (ACL) Surgery using an Isokinetic 

Strength Testing Procedure 

 

This letter is an invitation to participate in a research study aimed at developing improved procedures for 

the assessment of musculo-skeletal disorders. Our research team is interested in improving clinical 

assessment methods for patients who have suffered an anterior cruciate ligament (ACL) rupture. Our goal 

is to help surgeons identify when it is safe for ACL injured patients to return to full activity.   

 

Before you decide whether you would like to participate in this study, please familiarize yourself with the 

research procedures below and with any potential risks and benefits. Please keep this letter for future 

reference. If you would like to obtain more details about this study, please do not hesitate to contact us at 

your earliest convenience.  

 

Study Description 

 

Our main objective is to develop improved methods for the assessment of muscle and joint function 

following an anterior cruciate ligament (ACL) surgery. The equipment we are using is a state-of-the-art 

strength testing device that will allow us to examine the isokinetic strength recovery of your injured leg in 

comparison to your non-injured leg.  

 

Males and females with an ACL injury are being invited to participate in this project. Strength testing will 

take place either at the Motion Performance Laboratory, Hotel Dieu Hospital or at the Human Performance 

Laboratory, School of Rehabilitation Sciences, Louise D. Acton building, Queen’s University, Kingston, 

Ontario. This study has been reviewed for ethical compliance by the Queen’s University Health Sciences 

and Affiliated Teaching Hospitals Research Ethics Board.  
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Should you decide to participate, you will be asked to attend four testing sessions: one before your surgery, 

and then at three, six and twelve months after your surgery. Each session will take less than one hour. We 

will only test patients who have been cleared for strength testing by their surgeon. 

 

Study Procedures 

You will be asked to wear comfortable shorts for all testing sessions. Before testing starts, the research 

assistant will ask you to complete a package of questionnaires and will go over the test procedures and 

instructions with you. Before, during and after the test, the assistant will also be happy to answer your 

questions. Before testing begins, the research assistant will also record your height, leg length, and weight 

measurements. (15 minutes) 

 

Testing: testing will always begin with your non-injured leg. After being positioned in the device, you will 

be asked to perform several practice reps at different intensity levels. You will then perform two sets of 

maximal knee flexion and extension efforts at a low and high testing velocity. Once that is completed we 

will change to your injured leg and repeat the above procedures.  

 

To avoid risks of re-injury, you will be asked to begin at a lower effort level. After you are comfortable 

with the movements, you will be asked to gradually increase the effort level of the exercises.   

 

Risks of Participation 

Please read this section carefully and consider all of the risks before deciding to participate in this study. 

This study involves performing exercises that require maximal muscular effort. Although improbable, this 

could potentially result in an aggravation of your injury or a re-injury following your operation.  

Prior to testing, your surgeon will confirm that you have recovered sufficiently to be able to safely 

participate in this study. To ensure maximal safety during testing, we would like you to let us know if you 

feel any discomfort or fear of re-injury. If you feel that you have been injured, all testing will be stopped 

immediately. Your surgeon will be consulted, and you will be taken to the emergency room for additional 

treatment.   

Please be aware that your muscles will be tired after this test. This could cause delayed onset muscle 

soreness. The soreness should disappear within a few days. If it persists, please call the surgeon’s office for 

follow-up.  

Please note that the machine used for testing has a comfort stop button that you will be able to use should 

you feel uncomfortable during the test. If this button is pressed, the machine will stop immediately.    
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Benefits of Participation: 

Please note that we do not anticipate any direct benefits from your participation. However, your 

participation may contribute to a better assessment of your injury status and muscular strength. All of the 

information collected will be forwarded to your surgeon so that they can chart your progress more 

accurately. The data obtained from this study will be used to develop new methods of assessing joint 

function in patients with a knee injury. This will allow surgeons to better evaluate the optimal time for a 

patient to return to their normal athletic and work activities.  

 

Voluntary Participation and Withdrawal  

Your participation in this study is voluntary. You may decline to participate and are free to withdraw from 

the trial at any time without reason, penalty, or loss of benefits to which you are otherwise entitled. Please 

note that you can also request that any of the data collected up to the point of your withdrawal be discarded. 

By signing this consent form you do not waive your legal rights, nor release the investigators and sponsors 

from their legal and professional responsibilities. 

 

Confidentiality 

All information obtained during the course of this study is strictly confidential and your anonymity will be 

protected in all data analyses and publications. The collected data will be assigned an anonymous code 

number and the computer file will be encrypted. Additionally the collected data will be protected by 

passwords and will be stored on computers that will only be accessible to the research team. In 

publications, only summary data will be used so that no individual can be identified.  

 

Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

 

Dr. Davide Bardana, Orthopedic Surgeon, Department of Orthopedic Surgery. Attending staff Kingston 

General Hospital and Hotel Dieu Hospital  (613) 549-6666 /6333  

 

Dr. John Rudan, Head Department of Surgery. Attending staff Kingston General Hospital, Hotel Dieu 

Hospital, St. Mary’s of the Lake Hospital. (613) 549-6666 /3671 

 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark, Research Ethics Board Chair. (613) 533-6081 
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What does my signature mean? 

 

By signing below, I am indicating that: 

 I have read, understood and had my questions answered about the study. 

 I understand that I can withdraw at any time without penalty or coercion. 

 I was given a copy of the Information and Ethics Consent Letter to read and keep. 

 I understand that that my personal data will be kept confidential. 

 I know that I can contact any of the individuals mentioned in this letter if I have 

questions, concerns or complaints. 

 By signing this consent form I do not wave my legal rights, nor release the investigator(s) 

and sponsors from their legal and professional responsibilities. 

 

Thank you, 

 

Davide Bardana, M.D. 

 

For both your records and our records, we will ask you to sign the Consent Form. 

 

_____________________________________    __________________ 

Signature of Participant                   Date 

 

 

_____________________________________    ___________________ 

Person Obtaining Consent       Date 
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Letter of Introduction and Informed Consent Chapter 6 Study 

 

Letter of Introduction 

Ethics Consent Form 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

Dear Participant, 

 

This letter is an invitation to participate in a research study for the development and implementation of 

advanced procedures for the assessment of musculoskeletal disorders.  I am a doctoral student from 

Queen’s University who is working with scientists and surgeons.  We wish to investigate whether various 

isokinetic strength assessment protocols will help improve the feedback we can give surgeons and 

rehabilitation specialists for patients who have undergone shoulder surgery.  This study is the first of a 

series of studies.  We first wish to investigate various strength assessment protocols with uninjured healthy 

participants before we investigate isokinetic strength protocols with injured athletes or injured workers.   

Before you decide whether or not to take part in the study, please read and understand the procedures and 

other factors of importance to your participation. You will be given this letter to keep. Please ask if there is 

anything that is not clear to you or if you would like more information before deciding whether or not to 

take part in the study.  

Males and females with healthy shoulders and elbows are being invited to participate in the development 

stage of this project.  It will take place at the Human Mobility Research Centre, Queen’s University, 

Kingston, Ontario. The study has been reviewed for ethical compliance by the Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

The main objective of our study is to evaluate the feasibility of incorporating isokinetic dynamometry, the 

most advanced method for assessment of static and dynamic muscular function, in the evaluation test 

battery of injured athletes and workers during the rehabilitation process.  But before we begin testing 

participants with injuries, we wish to conduct some studies with individuals who have healthy shoulders 

and elbows in order to reduce the number of test items and verify our procedures.   
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Specifically, the aims of the study are: 

 To validate the use of a particular testing protocol on a Biodex Isokinetic machine. The test protocol 

used will require you to perform concentric and eccentric shoulder and elbow flexion and extension at 

varying intensities, as well as perform isometric contractions at both the elbow and shoulder. 

 To establish the between-day reliability of these methods.  

 To assess the ability of a novel data analyses procedure to differentiate between maximal and feigned 

efforts in healthy individuals performing shoulder and elbow flexion extension movements. 

You will be asked to come in for testing on two separate occasions, each lasting for approximately one 

hour.  Please be advised that separate testing occasions will be separated by 4-7 days.  

 

Study Procedures 

 

Test Session#1:  Orientation/Testing 

Before starting:  You will be asked to wear a tank top or sleeveless shirt for both testing sessions.  After 

listening to the testing procedures and instructions regarding the operation of the dynamometer, reading this 

letter of information, and signing a consent form, testing can begin. (10 minutes) 

Warm-up: You will be asked to perform a general warm-up of stretching followed by low resistance 

movements on the Biodex. This will be followed by a familiarization with the isokinetic movement by 

completing 10 practice repetitions of increasing submaximal concentric flexion and extension and two short 

sets consisting of 2 maximal concentric contractions separated by 2 minutes. This will be repeated for 

eccentric contractions for both the shoulder and elbow joints. (~10 minutes) 

Anthropometry:  During the first test session the research team will collect some physical measurements, 

which will later be used for data analyses. These measurements will include: height, and weight. (5 

minutes) 

 

Testing: You will be asked to perform a total of 15 sets for your shoulder and 15 sets for your elbow, 

which will be tested on separate arms, and randomly assigned. The following procedures outlined below 

will be repeated for both the elbow and shoulder joints: (35 minutes) 

 Isokinetic: You will perform 3 sets of 5 repetitions of contractions at a maximal effort, 

submaximal effort of your choosing between 10 and 90% of your perceived maximal effort and, 

after being read specific instructions regarding a simulated situation, you will be asked to perform 

the same procedure as above but this time pretending to have an injury that prevents you from 

returning to work. You will be given 2 minutes of rest between each set. These three sets will be 

performed under two different contraction types; concentric-concentric and eccentric-eccentric; as 

well as under two different speeds; 30 deg/sec and 120 deg/sec. Furthermore this procedure will be 

performed on both the shoulder joint and elbow joint of opposing arms for a total of 24 isokinetic 

sets. 
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 Isometric: You will perform 3 sets of 3 five-second isometric contractions for both the shoulder 

and elbow for a total of 6 isometric sets, with 2 minutes rest between each set. Each set will be 

performed in random order at maximal effort, submaximal effort of your choosing between 10-

90% of your perceived maximal effort, and after being read specific instructions regarding a 

simulated situation, you will be asked to perform the same procedure as above but this time 

pretending to have an injury that prevents you from returning to work.  

 

Test Session#2:  Re-test 

The re-test will be an identical process to Test Session #1, as we are testing the consistency and validity of 

the protocols and the dynamometer (thus we will try to make the re-test an exact replica of the first test). 

The 2
nd

 test will be conducted 4-7 days following the first one. 

 

Risks and Benefits of Participation: 

To the best of our knowledge, there are no added injury risks to healthy individuals as a result of 

participation in this study. Based on previous scientific literature, no one has been injured during this test.   

However, the tests do involve maximal muscular effort and this can result in delayed onset muscle 

soreness.  If this occurs, please massage the muscles yourself or call our research team for further advice.  

Please let us know if soreness persists past four days or is unexpectedly painful.  In these cases will ask you 

to see your physician or call us so that we can arrange physiotherapy or a chiropractic visitation.  The 

largest risk would be for people who have medical contraindications, such as cardiovascular problems, or 

known musculoskeletal injuries.  To accommodate these risks, you will fill out a questionnaire regarding 

your physical health, as described in section.  If any problems are found, you will be excluded from testing, 

effectively reducing any risk.  For those completing the study please be aware that this isokinetic machine 

has a mechanical stop and comfort stop button that you will hold during testing.  If this button is pressed, 

the machine will stop immediately to allow for further safety from injury. 

In terms of benefits from this study, there are no direct personal benefits expected. All tests, examinations, 

and medical care required as part of this study will be provided at no cost.  Although there are no direct 

benefits, your participation will contribute to improvements in the assessment of injuries and muscular 

strength using isokinetic dynamometers. 

 

Voluntary Participation and Withdrawal  

 

Your participation is voluntary and you will be given adequate time to decide whether you wish to 

participate in this study. You may decline to participate or are free to withdraw from the trial at any time 

without reason, without penalty or loss of benefits to which you are otherwise entitled. Your decision to 

decline to participate or withdraw will not affect the standard of care you receive or your relationship with 
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your investigator(s). If you do not wish to participate or if you withdraw from the trial, neither your current 

nor future medical care will be adversely affected.  With your permission we will keep any data collected 

up to the point of your withdrawal from the study. By signing this consent form, you do not waive your 

legal rights nor release the investigators and sponsors from their legal and professional responsibilities. 

 

Confidentiality 

All information obtained during the course of this study is strictly confidential and your anonymity will be 

protected in all data analyses and publications.  Your data will be assigned a code number for your file.  All 

data will be recorded and protected by passwords in computer files with only the principal researcher and 

research assistants granted access.  Only summary data will be used so that no individual can be identified.  

We wish to take some photos of the study but only require permission from one or two participants.  These 

photos will most likely include only the appendages tested to show the set-up.  If a face is in any of the 

photographs, it will be blacked out. 

 

Payment: 

You will be paid $10/ per testing session and a total of $ 20 if involved in the test-retest session. You will 

receive monetary reward immediately after completing each of the testing session. 

Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

Mr. Sivan Almosnino (School of Kinesiology and Health Studies)    (613) 549-6666  (x 4226) 

Dr. Joan Stevenson (School of Kinesiology and Health Studies)   (613) 533-6288 

Dr. Jean Côté (Director, School of Kinesiology and Health Studies)   (613) 533-6601 

 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark (Research Ethics Board, Chair)     (613) 533-6081 

 

Please ask any questions you wish and I, or my research assistant, will be glad to answer them before we 

proceed to the consent phase. 

 

Thank you. 

 

Sivan Almosnino,  

School of Kinesiology and Health Studies 

Principal Investigator 
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Participant’sCopy 

Ethics Consent  

 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

This page is for the researchers to verify that you are willing to participate in the above study.  By signing 

this page, you are declaring the following: 

 

The Meaning of your Signature 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You realize that you can withdraw at any time without penalty or coercion 

 You can contact any of people in this letter if I have questions, concerns or complaints 

 You realize that your data will be kept confidential.  Only if you sign a second time will additional 

photos be taken for possible use in presentations or publications.  The entire body may be shown in 

these photos, but your face will be blacked out. 

 By signing this consent form you do not wave your legal rights nor release the investigator(s) and 

sponsors from their legal and professional responsibilities. 

 

(Please sign and keep this page for your own records)  

 

_____________________________________    __________________ 

Print your Name                 Date 

 

_____________________________________     

Signature of Participant        

 

_____________________________________    ___________________ 

Research Assistant        Date 

 

We would like to ask at least one or two individuals to permit photos or videos to be taken of the tasks. 

   

Please initial here if you are willing to permit photos/videos to be taken. ________   
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Researcher’sCopy 

Ethics Consent  

 

 

Isokinetic Strength Profiles:  

Investigation of various test protocols with Healthy Individuals 

 

This page is for the researchers to record that you are willing to participate in the above study.  By signing 

this page, you are declaring the following: 

 

The Meaning of your Signature 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You realize that you can withdraw at any time without penalty or coercion 

 You can contact any of people in this letter if I have questions, concerns or complaints 

 You realize that your data will be kept confidential.  Only if you sign a second time will additional 

photos be taken for possible use in presentations or publications.  The entire body may be shown in 

these photos, but your face will be blacked out. 

 By signing this consent form you do not wave your legal rights nor release the investigator(s) and 

sponsors from their legal and professional responsibilities. 

 

(Please sign and return this page ONLY to the researchers)  

 

_____________________________________    __________________ 

Print your Name                 Date 

 

_____________________________________     

Signature of Participant        

 

_____________________________________    ___________________ 

Research Assistant        Date 

 

We would like to ask at least one or two individuals to permit photos or videos to be taken of the tasks. 

   

Please initial here if you are willing to permit photos/videos to be taken. ________  
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Appendix C 

Standardize Vignette  

 

 

“You have suffered a work injury to your knee/shoulder 1 year ago, and as a result, you have 

been recovering at home, and have been receiving monetary compensation from your employer. 

Right now, your injury has completely healed, and you could potentially go back to work if you 

wanted to. However, you would like to continue to stay at home and receive the monetary 

compensation. 

Your employer, or the compensation agency, believes you have recovered, and would like to 

stop paying you and for you to go back to work. They have sent you to our lab to test your 

knee/shoulder muscular function on the isokinetic dynamometer. This instrument is particularly 

good at measuring maximal (best) effort. The test will be crucial in deciding whether you will 

continue staying at home and receive the compensation, or will have to go back to work. 

In order to accomplish your goal of staying at home and receiving compensation, you have to 

convince us that you are exerting your best effort during testing, and that your knee/shoulder is in 

fact still injured. Based on your knowledge of the device, and what constitutes a maximal and sub 

maximal effort, please take a couple of minutes to formulate your strategy. During testing, you 

are encouraged to use any means to convince us of your sincerity and injury status. This may 

include facial expressions and voicing.” 
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