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ABSTRACT 

Background: Fatigability measured and derived parameters are commonly used in research and 

clinical contexts to characterize performance during isokinetic fatigue protocols. The fatigability 

measured parameters are the best repetition, the total and the partial sums while the fatigability 

derived parameters are ratios and formula-based parameters.  

Objectives: To comprehensively evaluate the reproducibility of fatigability measured and derived 

parameter and to determine which of these is/are sufficiently interpretable for assessment of knee 

muscles. 

Methods: Eighteen sedentary men underwent three isokinetic knee fatigability testing sessions with 

7–10 days of rest between each session. Peak moment (PM) and maximal work (MW) were computed 

for each repetition and analyzed to calculate 54 measured and derived parameters. Relative (Intra-

class Correlation Coefficients – ICC) and absolute (Coefficient of Variation of Method Error – CVME%, 

standard error of measurement – SEM and minimum detectable change – MDC) parameters of 

reproducibility were determined to assess the inter-session agreement. 

Results: All fatigability measured parameters (save one) were associated with a high relative and 

absolute reproducibility for knee extensors (ICC ⩾ 0.80; almost all SEM ⩽ SD

� ; MDCs largely ranging 

10–30%) and a high relative but weak absolute reproducibility for flexors (ICC ⩾ 0.70; SEM � SD

�  ; 

MDCs ranging 35–95%). On the other hand, all knee extensor and flexor fatigability derived 

parameters were characterized by low relative and absolute reproducibility (ICCextensors � 0.70 and 

ICCflexors � 0.50; all SEM � SD

� ; MDCs largely ranging 30–100%). 

Conclusions: All fatigability measured parameters may be used for assessing knee extensors fatigue 

with either PM or MW; for assessing knee flexors, no measured parameters can be utilized. Above all, 

knee fatigability derived parameters, either PT- or MW-based, should not be used, for both the 

extensors and the flexors of the knee, due to clinically unacceptable reproducibility. 
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1. Introduction 

Based on its reproducibility and sensitivity [1, 2] in research and clinical contexts [3], isokinetic 

testing has become a gold standard in muscular strength evaluations. Commonly, isokinetic devices 

are used to assess strength at various velocities by means of short duration testing. However, in 

some cases, the evaluation of muscle endurance to fatigue may be more specific than that of 

strength; for instance, in athletes who mainly use lactic anaerobic metabolism to perform or in 

patients with neuromuscular pathology [4, 5]. 

As defined by Bigland-Ritchie et al., fatigue refers to “any reduction in the capacity of the total 

neuromuscular system to generate force, regardless the force level deployed” [6, 7]. Generally, the 

knee fatigability protocol consists of a defined number of reciprocal maximal concentric 

contractions or in the largest number of repetitions in a given period of time, all performed at a 

prescribed velocity, e.g. 180∘/s [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. A great heterogeneity 

between protocols remains regarding the predefined number of repetitions or test duration [4, 9, 12, 

15, 17, 21, 22, 23, 24, 25] despite the fact that Bosquet et al. [6] have shown that thirty reciprocal 

maximal concentric contractions appears to be the best compromise between reliability, specificity 

and interpretability of the data. 

In the clinical context practitioners commonly use some fatigability derived parameters which, in 

some cases, are provided by the dynamometer’s dedicated software. For instance, the Biodex 

software compares the first and the last third of repetitions in the set to obtain a percentage decline. 

The fatigability measured parameters are the best performance, the total and partials sums while 

the fatigability derived parameters are the quotient between the �last repetitions by the �first, 

between the total sum by the best, and so on; in other words, the fatigability derived parameters are 

the ratios and the formula-based parameters. Thus, the derived parameter is attractive by its 

theoretical ability to characterize the decrease in performance during the test. Many clinicians and 

researchers base respectively their analysis and possible implications in rehabilitation or training on 

these derived parameters. The literature provides a multitude of derived parameters [17, 18, 24, 26, 

27, 28, 29, 30, 31, 32]. 

However, the question is still open on which isokinetic fatigability parameter(s) may be 

recommended for use in evaluating the knee muscles. The first step in this determination is to clarify 

their intra-dynamometer reproducibility. Although several studies had assessed the reproducibility 

of knee isokinetic fatigability protocols [6, 9, 12, 13, 14, 32, 33, 34, 35, 36, 37, 38, 39], to our 

knowledge, none has done so in terms of both the relative and the absolute reproducibility of the 

fatigability parameters. Therefore, the goal of our study was to evaluate, as comprehensively as 

possible, the intra-dynamometer reproducibility of fatigability measured and derived parameters so 
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as to determine which have sufficient reproducibility for application in clinical and research 

environments. 

2. Methods 

2.1 SUBJECTS 

Eighteen recreationally men, with no history of (major) knee injury, practicing less than two hours of 

physical activity per week and not involved in specific muscle training of the lower limbs were 

included in this study. Any drug or medication intake was an exclusion criterion. This study, 

approved by the Ethics Committee of the University and Faculty Hospital, was conducted in 

conformity with ethical standards and (inter) national laws [40] and with the Helsinki declaration of 

1975, as revised in 2000. All subjects were informed about the protocol, submitted to a medical 

examination and signed an information and consent form. Age, size and body weight means 
SD 

were 23.4 
2.4 years, 179 
8 cm and 71.0 
3.4 kg, respectively. 

2.2 EXPERIMENTAL DESIGN 

Three isokinetic testing sessions were carried out, with seven to ten days of rest between each 

session, for each subject under the supervision of a single physical therapist. To avoid possible 

effects of a residual fatigue due to recent exercises, subjects were asked to refrain from physical 

activity for forty-eight hours before each evaluation session. In order to standardize the testing 

session conditions, subjects were asked: 

• to follow a stable sleep schedule in the three days before the sessions; 

• not to eat any meal in the three hours preceding the sessions; 

• not to drink coffee, tea or any other energy drink the day of the sessions. 

2.3 EXERCISE TESTING 

The evaluations were performed on a Biodex dynamometer (Biodex Medical Systems 3, Shirley, NY). 

This dynamometer has an excellent reliability with an ICC of 0.99 for position, peak moment and 

velocity [41]. We tested only the dominant leg, defined as kicking leg. The test position was in sitting, 

with the backrest raised at 85∘ to the horizontal. Proximal stabilization was provided by straps at 

the thigh, pelvis and shoulders. The knee axis of rotation was aligned with that of the dynamometer 

using the external condyle as an anatomical landmark. The press hold was positioned three 

centimeters above the external malleolus on the front side of the leg. The RoM was set to 100∘ with 

0∘ corresponding to the maximum active extension. Gravity compensation was performed by the 

dynamometer’s software. 

Prior to testing, subjects were instructed to push up and pull down until the dynamometer stopped, 

in order to achieve a full RoM. To ensure familiarization and complete the set-up, the subjects were 
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making submaximal but progressively intensified concentric contractions intensity at 120∘/s [42]. 

After two minutes of rest, subjects had to perform three reciprocal concentric submaximal 

contractions at 180∘/s. 

In this study we used the same database as did Bosquet et al. [6] who studied the effects of 

lengthening the isokinetic evaluation of muscle endurance to fatigue. The subjects underwent the 

formal test, which consisted of 50 consecutive maximal reciprocal flexion-extension concentric 

contractions at 180∘/s. Subjects were asked to push up and pull down as fast and hard as possible 

from the first repetition and during each subsequent repetition over the full RoM previously 

determined. To motivate the subjects to develop the highest capacity at each repetition they 

received verbal encouragement throughout the testing session [43]. Our analysis was performed on 

the first thirty repetitions of each of the three testing sessions performed by the subjects. 

2.4 DATA ANALYSIS 

Peak moment (PM in N⋅m) and Maximal Work (MW in J) were computed for each repetition and then 

analyzed to calculate 54 fatigability parameters (refer back to Table 1). The MW, although frequently 

neglected, has been included in our analyses due the differences in information provided by these 

two parameters: the PM represents the highest moment reading produced during a given 

contraction while the MW is the area under the moment curve [6, 44]. As reported by Manca et al. 

[45], a PM-based only analysis may induce an overestimation of the muscular moment output [46]. 

Therefore, several researchers [45, 47] have suggested using MW alongside PM, especially in the 

rehabilitation process [48] and in frail populations. This approach was adopted in this study. The 

normality of the distribution of the data was verified using the Shapiro-Wilk test. When this was 

violated, data were log-transformed (provided that the normality of the distribution of log-

transformation is verified). Systematic bias, which refers to a general trend for measurements to be 

different in a particular direction when compared between repeated tests [49], was assessed with a 

general linear model for repeated measures ANOVA. The compound symmetry was checked by the 

Mauchley test. When the assumption of sphericity was not met, the significance of F-ratios was 

adjusted according to the Greenhouse-Geisser or Huynh-Feldt procedure (when the epsilon 

correction factor was respectively lower or higher than 0.75). The multiple pairwise comparisons 

between sessions were made with the Tukey’s post-hoc test. 

Table 1. Knee parameters 

Fatigability measured parameters 

BR� Σ��11:�20� Σ��6:�10� Σ��21:�25� 

Σ��1:�30� Σ��21:�30� Σ��11:�15� Σ��26:�30� 

Σ��1:�10� Σ��1:�5� Σ��16:�20�   

Fatigability derived parameters 

Quotient of the last n repetitions by the first n repetitions 
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WR�
BR�  

��29: �30�������������
��1: �2����������  

��28: �30�������������
��1: �3����������  log ��26: �30�������������

��1: �5����������  

log ��21: �30�������������
��1: �10�����������  

      

Quotient of the last n repetitions by the first y repetitions 

��29: �30�������������
��1: �3����������  

��29: �30�������������
��1: �5����������  

��29: �30�������������
��1: �10�����������  

��28: �30�������������
��1: �2����������  

log ��28: �30�������������
��1: �5����������  log ��28: �30�������������

��1: �10�����������  
��26: �30�������������

��1: �2����������  
��26: �30�������������

��1: �3����������  

log ��26: �30�������������
��1: �10�����������  log ��21: �30�������������

��1: �2����������  log ��21: �30�������������
��1: �3����������  log ��21: �30�������������

��1: �5����������  

Quotient of n repetitions by the y best repetitions 

log  Σ��1:�30�
BR� ! 

��29: �30�������������
BR�  

��28: �30�������������
BR�  

��26: �30�������������
BR�  

��21: �30�������������
BR�  

��29: �30�������������
�BR�: BR�������������  

��29: �30�������������
�BR�: BR"������������  

��29: �30�������������
�BR�: BR"������������  

log ��28: �30�������������
�BR�: BR"������������  log ��28: �30�������������

�BR�: BR#������������  log ��26: �30�������������
�BR�: BR$������������  log ��26: �30�������������

�BR�: BR%������������  

log ��21: �30�������������
�BR�: BR�&������������� log ��21: �30�������������

�BR�: BR��������������� 
    

Quotient of n repetitions by the y best consecutives repetitions 

��29: �30�������������
CBR��������  log ��28: �30�������������

CBR"�������  log ��26: �30�������������
CBR$�������  log ��21: �30�������������

CBR�&��������  

log CWR��������
CBR��������  log CWR"�������

CBR"�������  log CWR$�������
CBR$�������  log CWR�&��������

CBR�&��������  

Various others derived parameters 

��'��  
WR�
BR�  

WR�
BR�  

WR�
BR�  

Note: BR( ) �th Best Repetition; WR( ) �th Worst Repetition; �( ) �th repetition; Σ���:�*� )cumulated 

performance from �th to *th repetition; ���:�*�����������average performance from �th to *th repetition; 

�BR(:BR+� )average performance from �th better to *th better repetition; CBR(������� )average performance of best 

x consecutives repetitions; CWR(������� )average performance of worst x consecutives repetitions. 

Relative reproducibility was determined using the ,--�,� (single measures) which “represents the 

proportion of variance in a set of scores that is attributable to the true score variance” [50]. An ICC 

higher than 0.90 is considered excellent, between 0.70 and 0.89 as high and between 0.50 and 0.69 
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as moderate [6, 51]. Currier [52] and Saenz et al. [33] have suggested that an ICC value higher than 

0.80 is highly reliable and acceptable for clinical work. ICC is presented as value along with its 95% 

CI. 

Absolute reproducibility was assessed using the Standard Error of the Mean (SEM), considered as 

expected trial-to-trial noise in the data [50]. The Minimum Detectable Change (MDC), based on SEM, 

which is defined as minimal amount of change outside of error that reflects true change by a subject 

between two evaluations, was also calculated. SEM and MDC are expressed in the unit (N⋅m, J or 

dimensionless quantities) of the parameter. 

ICC (Eq. (2.4)), SEM (Eq. (2)) and MDC at the 95% confidence level (Eq. (3)) were computed from the 

table of a two-way analysis of variance (trials / subjects) with repeated measures, using the 

following equations [6, 50, 53]: 

ICC ) 

 MS0 1 MS2
MS0 3 45 1 16 ∗ MS2 3 8 ∗ 4MS9 1 MS26�

 

(1) 

where MS0 ) mean squared subjects, MS2 ) mean squared error, MS9 ) mean squared trials, � )
 number of subjects and 8 ) number of trials. 

SEM ) :MS2 3 MS9  

(2) 

MDC ) SEM ∗ 1.96 ∗ √2 

(3) 

Where SEM ⩽ SD

�  was taken as the criterion for acceptable precision [54, 55, 56, 57, 58, 59]. 

The absolute (Eq. (4)) and relative (Eq. (5)) variability are calculated using the following equations: 

=abs.n ) |�?@� 1 �?| 
(4) 

=rel.n ) A�?@� 1 �?�?@� A 

(5) 

where �? ) the value of the �threpetition with � ∈ ℕ, 1 ⩽ � ⩽ 29. 

The Coefficient of Variation of Method Error (-=ME), reported as a percentage, is defined by the 

following equation (Eq. (6)) [49, 73]: 

CVME% SEM

mean of parameter
∗ 100 
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(6) 

Where SEM is defined previously (Eq. (2)) and where mean of parameter is the mean value of the 

measured or derived parameter’s value (from the three tests occasions). 

The linear correlation between two variables was measured by the Pearson’s r product-moment 

correlation coefficient (PCC) and linear regression analyses with coefficients of determination 

associated (E�). Threshold values for PCC statistics were � 0.20, 0.20, 0.60 and 0.80 for weak, 

moderate, strong and very strong, respectively [60]. The PCC was calculated 1) between the progress 

of the testing session and the (absolute and relative) variability (separately for PM and MW) to 

explore the relation between fatigue induction and variability of the performance; 2) between the 

PM and the MW of repetition (separately for the extensors and the flexors) to determine if fatigue had 

a similar influence on these two parameters over the three sessions; 3) between the extensors and 

the flexors (separately for the PM and the MW) to determine if fatigue had a similar influence on these 

antagonistic muscle groups. 

Statistical significance was set at the level of p-value � 0.05 for all analyses. All calculations were 

made with Statistica 10 (Statsofts, Tulsa, OK), MedCalc 13.3.3 (MedCalc Software, Ostend, Belgium) 

and Microsoft Excel 2016. 

3. Results 

The PM and MW mean values and standard deviation from the three testing sessions for the knee 

extensors and flexors are presented in Table 2. 

Table 2. Knee mean value 
standard deviation for testing sessions 1–3 

  Knee extensors 

  Session 1 Session 2 Session 3 

PM 114.5 
28 N⋅m 115.5 
27.9 N⋅m 115.9 
26.8 N⋅m 

MW 136.2 
35.9 J 136.5 
35.6 J 137.7 
34.4 J 

  Knee flexors 

  Session 1 Session 2 Session 3 

PM 60 
17.9 N⋅m 64.2 
17.5 N⋅m 64.3 
16.5 N⋅m 

MW 74.3 
25.2 J 78.5 
24.2 J 79.5 
23.5 J 
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Table 3. Absolute and relative variability mean value 
 standard deviation, ICC, ICC CI 95%, CV, SEM and 

MDC for knee extensors and flexors 

 

Table 4. Knee extensors parameters Peak moment & Maximal Work mean value 
 standard deviation, 

ICC, ICC CI 95%, CV, SEM (expressed in N⋅m for PM and in J for MW) and MDC 
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Table 4, continued 

 

Note: BR( ) �th Best Repetition; WR( ) �th Worst Repetition; �( ) �th repetition; Σ���:�*� ) cumulated 

performance from �th to *th repetition; ���:�*����������� average performance from �th to *th repetition; �BR(:BR+� )
 average performance from �th better to *th better repetition; CBR(������� ) average performance of best x 

consecutives repetitions; CWR(������� ) average performance of worst x consecutives repetitions. 
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3.1 REPRODUCIBILITY OF FATIGABILITY PARAMETERS FOR KNEE EXTENSORS 

The reproducibility of data collected on knee extensors is presented in Table 4. 

The fatigability measured parameters, with the exception of partial sum #26–#30 (Σ��26:�30� – 

,--PM )0.669 [0.417/0.850] and ICC )MW  0.728 [0.501/ 0.880]), demonstrated high to excellent 

relative reproducibility. Their ICC, whether for the PM or the MW, were almost all higher than 0.8 and 

upper, in some cases, than 0.9. The MDC of the measured parameters were ranged from 12.1% to 

37.5% for the PM and from 11.1% to 30.6% for the MW. For the best repetition, the total sum and for 

the first partials sums (#1–#10, #1–#5 and #6–#10), the SEM score criterion for acceptable precision 

was met, while it was almost met for the intermediary partials sums (#11–#20 and #11–#15 both for 

the PM and the MW with in addition #16–#20 for the MW). Rather, it was not met for the last partials 

sums (#21–#30, #21–#30 and #26–#30 with in addition #16–#20 for the PM). The repeated measures 

ANOVA revealed no significant difference among the testing sessions, as shown by the lack of main 

effect of the testing session (F � 0.05) for all measured parameters. 

The relative reproducibility of the fatigability derived parameters was (at best) moderate: the ICC, 

for PM and MW, was �0.7. The MDC score, for PM and MW, of all derived parameters was considerably 

higher than 29.0% (except for the quotient of the total sum by the best repetition – 

log4Σ��1:�30� BR⁄ 16– MDC )PM  6.1% and MDC )MW  7.5%) and none of the SEM scores met the 

criterion for acceptable precision. The repeated measures ANOVA revealed no significant difference 

among the testing sessions, as shown by the lack of main effect of the testing session (F � 0.05) for 

a large majority of derived parameters. When a significant main effect was detected, adjusted 

pairwise comparisons revealed that session #1 was significantly different from session #2 (F-value 

about 0.03–0.04), with a non-uniform superiority of one session to the other. 

The E� determination coefficient of linear regression of the performance was 0.96 
0.03 and 0.95 


0.03 for the PM and MW while the slope was 12.64 
0.62 and 13.39 
0.80 for the PM and MW. The 

PCC between PM and MW for extensors over the three testing sessions was 0.987 (with F-value 

�0.001). By crossing the information provided by the slope and the PCC, we detected that the 

induced fatigue caused a very significant decrease 1.28 times greater in MW than in PM (F � 0.0001), 

although PM and MW were very strongly correlated. 

Relative and absolute variability between consecutive repetitions showed low reproducibility, with 

ICC less than 0.4 for knee extensors, MDC score higher than 70.0% and none of the SEM scores met 

the criterion for acceptable precision, for PM as well as MW (see Table 3). The relative variability was 

nevertheless strongly and positively correlated with the progress of the testing session (PCC )PM  

0.739 with F-value �0.001; PCC )MW  0.781 with F-value �0.001). 

3.2 REPRODUCIBILITY OF FATIGABILITY PARAMETERS FOR KNEE FLEXORS 

The data reproducibility for knee flexors is presented in Table 5. 
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Table 5. Knee flexors parameters peak moment and maximal work mean value 
standard deviation, 

ICC, ICC CI 95%, CV, SEM (expressed in N⋅m for PM and in J for MW) and MDC 
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Table 5, continued 

 

Note: BR( ) �th Best Repetition; WR( ) �th Worst Repetition; �( ) �th repetition; Σ���:�*� ) cumulated 

performance from �th to *th repetition; ���: �*������������ ) average performance from �th to *th repetition; 

�BR(:BR+� ) average performance from �th better to *th better repetition; CBR(������� ) average performance of 

best x consecutives repetitions; CWR(������� )average performance of worst x consecutives repetitions. 

Only the total sum (Σ��1:�30�) had high relative reproducibility (ICC )PM  0.810 [0.630/0.919], 

ICC )MW  0.781 [0.584/0.906]). For PM, the ICC of the measured parameters were between 0.7 and 0.8, 

except for the partial sum #26–#30 (Σ��26:�30� – ICC )PM  0.680 [0.432/0.856]); their relative 

reproducibility was high. For MW, with ICC ranging between 0.67 and 0.8, the relative reproducibility 

of the measured parameters was moderate to high. The MDC of all measured parameters were 

considerably higher than 30.0%, for the PM and the MW, and the SEM score did not meet the criterion 

for acceptable precision. The repeated measures ANOVA p-values for the main effect were higher 

than 0.05 for the best repetition and for the first partials sums (#1–#10, #11–#20, #1–#5, #6–#10 and 

#11–#15) but for the total sum and the last partials sums (#21–#30, #16–#20, #21–#25, and #26–#30), 

the F-value were lower than 0.05. When a significant main effect was detected, the session #2 vs 

session #3 adjusted pairwise comparisons resulted in no significant difference. 
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All fatigability derived parameters had an ICC lower than 0.52, whether for PM or MW, and, therefore, 

had a weak (to moderate) relative reproducibility. The MDC of all derived parameters were higher 

than 55.0% (for the PM and the MW) except for the quotient of the total sum by the best repetition 

(log4Σ��1:�30� BR⁄ 16 – SEM )PM  8.4% and SEM )MW  8.1%) and no SEM score met the criterion for 

acceptable precision. The E� determination coefficient of linear regression of the performance was 

0.89 
0.10 and 0.92 
0.06 for the PM and MW. The repeated measures ANOVA revealed no significant 

main effects for any of the derived parameters. 

The reproducibility of the fatigability measured and derived parameters for the flexors was lower 

than for the extensors either for the PM or the MW (the ICC was steadily equal or higher while the 

-=ME%, SEM and MDC were steadily equal or lower for the extensors than for the flexors, except for 

the PM of 
H�I�:I"&�

BRJ and of Σ��26:�30�). 

The E� determination coefficient of linear regression of the performance was 0.89 
0.10 and 0.92 


0.06 for the PM and MW while the slope was 11.52 
0.47 and 12.24 
0.63 for the PM and MW. The 

PCC between PM and MW for flexors over the three testing sessions was 0.977 (with F-value �0.001). 

By crossing the information provided by the slope and the PCC, we detected that the induced fatigue 

caused a very significant decrease 1.48 times greater in MW than in PM (F � 0.0001), although PM 

and MW were very strongly correlated. 

The PCC between the extensors and the flexors was 0.807 and 0.796 respectively for the PM and MW 

(with F-value �0.001). By crossing the information provided by the slope of linear regression 

previously mentioned and these PCC, we noticed that the induced fatigue caused a decrease 1.74 

and 1.51 times greater in extensors than in flexors, respectively for PM and MW, although the 

extensors and the flexors were (very) strongly correlated. 

Relative and absolute variability between consecutive repetitions showed low reproducibility with 

ICC less than 0.5 for knee flexors, MDC score higher than 60.0% and none of the SEM scores met the 

criterion for acceptable precision, for PM and MW (see Table 3). The relative variability was 

nevertheless strongly and positively correlated with the progress of the testing session (PCC )PM  

0.797 with F-value �0.001; PCC )MW  0.700 with F-value �0.001). 

4. Discussion 

Although Lambert et al. [61], Pincivero et al. [13, 14] and Saenz et al. [33] demonstrated that the 

measured parameters of fatigability assessment are reliable by contrast with the derived 

parameters, we have to specify that the different authors have analyzed only one derived parameter 

by research (respectively, ratio between the 15 first and the 15 last repetitions, between the 5 first 

and the 5 last repetitions, between the 10 first and the 10 last repetitions and between the 13 first 

and the 13 last repetitions). Respectively in 2000 and 2011, Pincivero et al. [13] and Ferriero et al. [62] 

have briefly questioned the utilization of the fatigability derived parameters for the assessment of 

the decrease in performance but, to our knowledge, no previous research has comprehensively 
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studied the intra-dynamometer reproducibility of those fatigability derived parameters employed 

for the isokinetic evaluation of knee fatigability in concentric conditions. In the present investigation 

we conducted a reproducibility study that included the most exhaustive number of logical 

combinations of measured and derived parameters regularly provided by the isokinetic devices or 

used by clinicians or researchers, as listed in the data analysis section. 

For the measured parameters, our data corroborate previous research: almost all showed excellent 

relative reproducibility for knee extensors and flexors, whether for PM or MW. However: (1) the 

measured parameters (best repetitions, total and partial sums) have a sufficient absolute and 

relative reproducibility (whether for PM or MW) for evaluation also only for the extensors even if a 

careful consideration must be given to the partial sums at the end of testing session (#21–#30, #21–

#25 and #26–#30). The lower reproducibility of the partial sums at the end of testing session can be 

partly explained by the patient motivation and/or the arduousness of the fatigability evaluation. 

This will be discussed in more detail below along with the relative and absolute variability; (2) 

despite the fact that their relative reproducibility is high, due to their absolute reproducibility which 

did not meet the criterion for acceptable precision, no fatigability measured parameters can be 

recommended for knee flexors. 

As explained by Kean et al. [63], the MDC is “particularly useful when determining whether an 

observed change in score between test sessions is truly a change in subject status or is merely error 

(noise) in the measurement” [50]. Our SEM and MDC results for the measured parameters were, 

despite the appearance to the contrary, lower than a previous research that assessed the reliability 

of the same isokinetic device employed in the present study (Biodex System 3): observed SEM scores 

of about 11.8 N⋅m (with MDC about 21.5%) for extensors and about 8.2 N⋅m (with MDC about 28.6%) 

for flexors [64]. They used another formula for the SEM calculation (SEM ) :MS2  for Lund et al. [64] 

while we used SEM ) :MS2 3 MS9) which leads to an under-estimation in comparison with our SEM 

and MDC scores. Indeed using Lund et al’s formula [64], our SEM for the PM of the best repetition 

would have been 5.8 N⋅m and 6.8 N⋅m while our MDC scores would have been 10.0% and 7.8%, 

respectively for the extensors and the flexors, which in fact fall below the scores of these previous 

research. Based on our data, we can predict with a 95% level of confidence that the total sum of knee 

extensors MW of recreationally men would change by at least 210 J on repeated evaluation. 

Therefore, for instance, if the total sum of knee extensors MW in a recreationally man was 5012 J, 

and after training this total sum is found increased to 5383 J, we could be confident that the subject 

performance had truly improved because the delta of performance of 371 J exceeds the MDC of 210 

J. 

The lower relative and absolute reproducibility of the knee flexors, demonstrated by the higher 

scores of ICC or ANOVA main effect p-value and the lower scores of -=ME%, SEM or relative MDC 

results for extensors, can be explained by the lack of specificity of the task as explained by Bosquet 

et al. [6] and Croisier [65]. Indeed, the hamstring muscles produce seldom repetitive maximal 

concentric contractions in real life or in sport situations; in sports, the functional role of the 

hamstrings is to decelerate, eccentrically, the lower leg during rapid concentric contractions of the 
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knee extensors [6]. Nonetheless, a familiarization session seems to enhance the reproducibility of 

the knee flexors. This finding corroborates the hypothesis of a lack of specificity of the hamstrings. 

As mentioned by Bosquet et al. [6], PM and MW are not affected identically by muscle fatigue 

induction. Indeed, the PM and the MW are very strongly correlated to one another (PCC around 0.98), 

whether it is for the extensors or the flexors, but the induced fatigue causes a decrease of 1.28 and 

1.48 times greater in MW than in PM, for the extensors and the flexors, respectively. These 

observations confirm that it is imperative to assess isokinetic fatigue using the developed MW and 

not just the PM, according to the different, and therefore non-redundant, information that the MW 

provides in the context of fatigability resistance evaluation. 

Even though the performance of the extensors and the flexors are strongly correlated (PCC around 

0.80), the extensors are likely to tire out faster and to a greater extent than the flexors. Two lines of 

explanation of this phenomenon may be suggested: (1) the greatest absolute force of the extensors 

compared to the flexors can lead to greater fatigability. Indeed, at equal relative strength, a greater 

absolute moment seems to accelerate the induction of neuromuscular fatigue [66, 67, 68]. 

Considering the extensors best performance is 1.78 and 1.62 times greater than the flexors, this 

factor can, at least partially, explain the observed difference between the extensors and the flexors; 

(2) as previously explained, the knee flexors produce seldom repetitive maximal concentric 

contractions which can induce a lower relative strength production due to a lack of specificity of the 

task. Obviously, a lower relative strength production leads to a lower decrease in performance due 

to less induced fatigue [69]. 

The main finding emerging from our study is that whether we consider relative or absolute 

reproducibility the knee fatigability derived parameters should not be used due to weak 

reproducibility. Consequently, the diagnostic, conclusions or discussion of a study drawn from the 

use of the fatigability derived parameters to assessing knee isokinetic fatigability performance 

appears to be clearly questionable. Indeed, no fatigability derived parameter whatever the quotient 

of the last �repetitions by the first �repetition the quotient of the total sum by the best repetition 

the quotient of the worst repetition by the best, etc. (see Tables 4 and 5) proved sufficiently 

reproducible to be confidently employed. Whether for the knee extensors or flexors, whether for the 

PM or the MW, no SEM scores of fatigability derived parameters, reflecting absolute reproducibility, 

met the criterion for acceptable precision while the relative reproducibility for the derived 

parameters was, at best, moderate. The lack of relative reproducibility can be explained by the fact 

that the fatigability derived parameters compares the �first/best with the �last/worst repetitions: 

by considering the negative slope of the linear regression of the performance and the good score of 

the E� determination coefficient (between 0.89 
0.10 and 0.95 
0.03), we can assimilate the last 

repetitions to the worst and vice versa. As indicated by the gradual decrease of reproducibility of the 

partial sums (see Tables 4 and 5), the last/worst repetition showed a lower reproducibility than the 

others. Moreover, the relative variability is strongly and positively correlated with the progress of the 

testing session, which indicates that the last/worst repetitions are highly volatile. The poor 

reproducibility of the (relative and absolute) variability (see Table 3) means that this is not an 

intrinsic characteristic of the subjects or the evaluation but a factor inherent to the fatigue induced 
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by the testing session. The subject’s motivation and/or the arduousness of the fatigability testing 

session can potentially account for the increasing variability during the evaluation: each extension 

and each subsequent flexion, from the first to the thirtieth, must be achieved with maximal intensity 

over the entire ROM. Therefore, the subjects may have difficulty to maintain this maximal effort as 

the testing session proceeds if they feel discomfort caused by muscle contractions despite their full 

motivation and the researcher’s verbal encouragement. Taking into account these elements, it 

makes sense that the fatigability derived parameters, because they compare the �first/best with the 

�last/worst repetitions, have an insufficient reproducibility. 

The sample size was a limitation of this study: despite the fact that it is in agreement with the 

recommendation that reliability protocol should be realized on 15–20 subjects [48, 70], further 

studies are warranted to confirm the present results over a larger sample size. Another limitation 

was that this study focused only on the knee joint. As the fatigability resistance evaluations are not 

only relating to the knee, it would obviously be highly interesting to assess the reliability of the 

measured and derived parameters in of other joints. Finally, the findings of the present study, as a 

precautionary measure, should not be generalized to other populations than healthy male subjects. 

5. Conclusions 

Our results indicate that all listed fatigability measured parameters (see Table 1 for the complete 

list) can be used for knee extensors, even if careful consideration must be given to the partial sums 

at the end of the testing session (#21–#30, #21–#25 & #26–#30). Notably, no fatigability measured 

parameters can be used for knee flexors, even if the relative reproducibility of the measured 

parameters for flexor is high. However, the main finding is that no derived parameter based on PM 

or MW may be used for studying knee extensors or flexors fatigability. 
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