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Abstract 

Background/Objective: In the isokinetic literature, relatively limited attention has been given to 
muscles of the wrist. Therefore, the objective of this study was to present an isokinetic profile of these 
muscles comprising the flexors (F), extensors (E), ulnar (U) and radial (R) deviators. Method: The 
dominant side F, E, U and R in 40 healthy participants (20 women and 20 men) were tested 
concentrically and eccentrically, using a single speed of 90°/s. Results: Men were significantly 
stronger than women in both the concentric and eccentric tests as indicated by both the absolute (Nm) 
or the bodyweight normalized (Nm/kgbw) representations. However, the bodyweight normalized 
women/men strength ratio (78.6±8.0%) was significantly higher than the absolute’s (64.1±6.6%). For 
both the concentric and eccentric effort and irrespective of the representation (absolute or 
normalized) the U was the strongest muscle group followed successively by F, R and E. This rank 
order was highly significant statistically. The eccentric/concentric strength ratios: E/CF and E/CU were 
significantly higher in men than in women with no remarkable inter-sex differences for E/CE and for 
E/CR. A correlational analysis which included all pairs of the basic isokinetic outcome parameters 
(e.g., the PM of Fcon) and performed with respect to ‘sex’ using Fisher’s r-to-z transformation, revealed 
that men had significantly higher overall correlation coefficients compared to women. Conclusions: 
The uniformity of main findings with respect to both the sex of the participants and the various 
strength ratios strongly support the validity of the findings. Specifically, the original rank ordering 
of the wrist muscle can potentially serve as an additional and preliminary guideline for return to 
normal strength pattern in rehabilitation of the wrist. 

Keywords: wrist; flexion; extension; ulnar deviation; radial deviation; isokinetic 
 

1. Introduction 

Compared to the characterization of the isokinetic strength of muscles operating on the shoulder 
and elbow joints, that which applies to the four major muscle groups of wrist: the flexors (F), 
extensors ( E), radial (R ) and ulnar (U) deviators has been very limited [1]. This scarcity has indeed 
been highlighted in a recent systematic review of wrist muscles strength which included the 
pronators and supinators [2]. Among other things, this relative void especially in the clinical domain, 
reflects some inherent factors. For example, isokinetic dynamometers are large, nonportable and 
expensive instruments compared to the small isometric instruments that may be employed in hand 
clinics. Furthermore, the complexity of the measurement exemplified by the multiplicity of 
parameters that need to be controlled, renders such examination less applicable. Specifically, there is 
no commonly accepted protocol for isokinetic testing of the wrist or grip muscles. 

Indeed, isokinetic testing protocol of any muscle group consists of a number of critical 
parameters that must be maintained in order for the test findings to be interpretable. Specifically with 
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respect to the muscle of the wrist the main factors include the segment position, e.g., forearm in 
neutral vs. pronated or supinated position, body position, e.g., in sitting or in standing, the range of 
segmental motion, the angular speed of joint motion, the speed ramping (low vs. high 
acceleration/deceleration mode) and absence or use of verbal encouragement (1). Furthermore, the 
age and the sex of the participants are major confounding factors. Especially the latter has two 
ramifications. First, strength findings derived from women cannot be compared with those of men. 
As strongly indicated with respect to the absolute isokinetic strength of the wrist flexors (F) and 
extensors (E), women were about 60% as strong as men [3–7]. Second, and as a direct consequence, 
mixing of women and men into a single study group is strictly forbidden, leading to non-interpretable 
results exemplified by several previous studies [8–11]. In addition to these hurdles, isokinetic studies 
of wrist muscles strength which were based a small number of participants [4–11], or the use of force 
(N) rather than moment (torque) values, likewise preclude interpretation [12]. 

Most isokinetic studies of wrist muscles focused on the F and E. In terms of sample size (N>20) 
and separation of findings according to sex, 6 studies stand out [3,5–7,13,14]. These studies were 
largely limited to concentric testing although the more recent addition of an eccentric component 
introduced a new dimension and understanding of wrist muscles action [7,15]. 

In spite of a variety of protocols, in all studies that focused on F and E, the former muscles were 
stronger than the latter, in both sexes alike, resulting in a maximal strength ratio: F/E of between 1.7-
2.4. On the other hand, isokinetic assessment of the U and D muscles has been sparsely explored and 
based on a small number of participants [16,17]. Given the disparity of findings between the two 
papers and omission of reference to the test range of motion (RoM) in both, the derived findings from 
these studies should be viewed with care. Conspicuously, only two studies included isokinetic 
measurements of all four muscle groups. Ağırman et al. (2017) used a mixed-sex patient group with 
carpal tunnel syndrome (11 women, 2 men, age range 29-60) and six healthy control subjects (4 
women, 2 men, with a similar age range), to test the concentric strength of all wrist muscles at 30°/s 
[18]. However, due to the sex-pooling, very low strength and wide age range, this study cannot serve 
as a valid source. In another study, Chu et al. (2018) followed up the increase in wrist muscles strength 
in 9 male subjects, who have undergone targeted training, with 10 controls. However, at baseline, U 
strength was reported as significantly lower than that of the F and on a par with that of the E while 
post-training, the gain in U strength was 2.5-3 times that of the other 3 muscle groups [17]. These 
findings render it difficult to use this study as a basis for comparison. 

Beside adding to the relatively poor knowledge regarding wrist muscles strength, the 
importance of such an analysis is in presenting a systematic strength order paradigm that depicts the 
strength inter-relationships among the operating muscles. This paradigm may then help clinicians in 
deciding whether post-treatment strength normalization has been reached or alternatively if one or 
more muscles have been ‘left behind’, if such normalization is one of the treatment objectives. 

Therefore, the objectives of this study were as twofold: 1. Derive the maximal isokinetic strength 
profile: concentric and eccentric, of the wrist F, E, U and R in healthy women and men 2. Establish a 
strength paradigm which depicts the inter-muscles relationships in terms of both the absolute (Nm) 
and bodyweight normalized (Nm/kgbw) units. 

2. Materials and Methods 

2.1. Participants 

Forty healthy participants, 20 women and 20 men, students and staff at the Levinsky-Wingate 
Academic College were recruited via social media and notice board. All were right side dominant. 
The mean (SD) age (y), stature (cm), weight (kgf) and BMI of the women were 25.8(2.9), 163(6.0), 
59.1(8.9) and 22.3(3.0), respectively, while the parallel values for men were 25.5(2.3), 176.3(7.3), 
74.3(9.9) and 23.8(2.5). All participants were R-side dominant and none had a medical history relating 
to the forearm-hand territory and none of the women were pregnant during the time of testing. This 
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study was approved by the IRB of the Levinsky-Wingate Academic College (Wingate Campus), N. 
414, 13.07.23. 

2.2. Experimental Procedure 

2.2.1. Instrumentation 

Participants’ stature and weight were measured using a stadiometer (Tanita Leicester Height 
Measure, England) and a calibrated digital scale (Lifebl312, China), respectively. The isokinetic 
strength measurements were carried out using a Biodex System 4 Pro isokinetic dynamometer 
(Shirley, NY) which was calibrated prior to the commencement of the study. 

2.2.2. Test Protocol 

Unilateral (R side) isokinetic concentric (Con) and eccentric (Ecc) strengths of the wrist F, E, U 
and R were measured in a single session. The participants were asked not to engage in any strenuous 
upper limb activity including training over the 48h preceding the test session. To maintain the 
forearm in neutral pronation-supination position in both F-E and U-R testing, the mechanical 
constraints of the dynamometer dictated a different body position. Thus, F and E tests were 
conducted in standing (Figure 1) with the elbow flexed at 60-75° so that hand motion took place in 
the horizontal plane namely with the dynamometer shaft in vertical position (7,19). Testing R and U 
was performed in sitting while the dynamometer’s axis was aligned with the capitate bone and the 
fingers gripped a handle whose location was adjusted individually (Figure 2). Motion took place in 
the vertical plane. No correction for hand weight was applied due to the negligible gravitational effect 
of around 0.4Nm [19]. Axes alignment for both F-E and R-U was made with respect to the radio-
carpal joint while the fingers gripped a cylindrical handle which extended from dynamometer’s lever 
arm at an individually matched distance. As well, in both tests the RoM spanned an arch of 45°; in F-
E from 5° of E to 40° of flexion while in R-U, from 5° of R to 40° of U. The angular speed was set at 
90°/s for all tests. 

 
Figure 1. Testing wrist flexion ad extension. 
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Figure 2. Testing wrist U and R. 

Of note, the RoM and speed conditions were selected based on previous studies and in line with 
participants’ comfort and ability to exert sufficient resistive moment to initiate eccentric action. As 
for the relatively short RoM, a series of studies using isokinetic short range of motion (SRoM) vs. 
commonly employed RoMs had strongly supported the application of the former in healthy 
participants as well as in patients in different joints including the wrist [19–21]. In addition, all 
individual isokinetic curves were inspected during the tests to ensure that the PM in each of the 
muscle groups was reached within the specified RoM. Following general warm up and 
familiarization which consisted of 3 increasing (50, 70% and maximal) levels of effort, the criterion 
tests consisted of 3 reciprocal pairs of maximal Con and Ecc contractions of each of the 4 muscle 
groups. No verbal encouragement was given by the examiner to the participants during the tests 

2.3. Statistical Analysis 

Data analysis was performed using the SPSS (v. 29.0) program. The maximal individual strength 
value—peak moment (PM, in Nm) – out of the 3 maximal repetitions for each individual muscle, 
movement and contraction was used as the representative outcome score. Significance was set at 
p<0.05. For descriptive statistics, quantitative variables were described using the mean (SD). 

The following four ratios were calculated: Within muscle eccentric to concentric ratio (E/C) 
namely: E/CF , E/CE , E/CU and E/CRF 2. Between antagonistic muscles but the same contraction mode, 
namely: F/Econ, F/Eecc, U/Rcon and U/Recc. Each PM score was examined for normality assumption via 
skewness (SK<[2.0]) and kurtosis (K<7.00) procedures. Skewness values ranged between – 0.15 and 
1.28 and kurtosis values ranged between – (-1.03) and 3.70, justifying the assumption of normal 
distribution for all variables [22]. 

An independent t-test was conducted to compare the PM values and the ratio values between 
men and women. A three-way ANOVA with repeated measures was conducted on PM variables, 
two within factors as follows: 4 muscles X 2 con—traction modes and one between factor (sex). This 
analysis revealed two noteworthy results: a significant interaction between sex and the 2 main effects 
(muscle group, contraction mode), which indicated that women and men reacted differently in each 
condition. In addition, there was a significant difference between the sexes with high effect size 
η2=0.62. Therefore, a 2-way ANOVA with repeated measures model of the form: 4 muscles X 2 
contraction modes was used for each sex separately. For the calculated ratios, a Mixed ANOVA was 
applied with one repeated variable (muscle) and sex as a between variable. To compare women vs. 
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men in terms of overall correlation patterns among the PMs, a Mann-Whitney test was conducted 
with respect to the Fisher’s Z-transformed correlation values. 

3. Results 

None of the participants complained of inconvenience or pain during or following the tests. The 
mean±SD values of the Con and Ecc absolute and bodyweight normalized strength of the F, E, U and 
R and the sex-based strength ratio of women vs. men: PMW/PMM (expressed in %), are outlined in 
Table 1. 

Table 1. Absolute (Nm) and normalized (Nm/kgbw) isokinetic concentric and eccentric strength values of the 
wrist flexors, extensors, ulnar and radial deviators in women and men. 

Variable 
Men Women PMW/PMM 

Abs Nor Abs Nor Abs Nor 
Fcon 17.0±4.1 0.23±0.06 12.1±2.4**a 0.20±0.04 71 88 
Fecc 20.0±4.6 0.27±0.06 12.7±2.5** 0.21±0.04** a 64 78 
Econ 8.8±1.7 0.12±0.03 5.3±1.1** 0.09±0.02** 61 75 
Eecc 11.5±1.9 0.16±0.03 6.9±1.2** 0.12±0.02** 60 74 
Ucon 26.5±6.6 0.36±0.09 20.0±5.3** 0.33±0.06 75 91 
Uecc 30.3±7.1 0.41±0.10 20.7±5.1** 0.34±0.06* 68 83 
Rcon 14.9±3.4 0.20±0.05 8.5±3.0** 0.14±0.05** 57 70 
Recc 18.9±3.9 0.26±0.06 10.7±3.2** 0.18±0.06** 57 70 

*(in integer %), Abs—absolute, Nor—bodyweight normalized, con—concentric, ecc—eccentric, F—flexors, E—
extensors, U—ulnar deviators, R—radial deviators , PM—peak moment, W—women, M—men, *p<0.01, 
**p<0.001. 

An independent samples t-test was conducted to examine between-sex differences in terms of 
absolute and normalized strength. The results indicated that men were significantly stronger than 
women, by both representations, across all measured muscle groups, with the exception of the 
normalized Con strength of F and U. To examine the difference between the ratios: PMW/PMM 

(absolute and normalized), a paired samples t-test revealed that the normalized ratio (78.6±8.0%) was 
significantly higher than the absolute’s (64.1±6.6%) with a mean difference of 14.9±1.1% (t [7] = 29.00, 
p < .001, Cohen’s d = 10.25). 

Regarding the strength order of the 4 muscle groups, irrespective of contraction (Con or Ecc) or 
representation (absolute or normalized) the U was the strongest followed successively by F, R and E, 
graphically demonstrated by the strength polygon (Figure 3). To gain further insight into the inter-
muscle relationship, the PM values of the F, E and R were expressed as percentage of the U (Figure 
4). A three-way mixed ANOVA was conducted on the relative values including two within-subject 
factors: ‘muscle’ and ‘contraction mode’ and one between-subject factor (‘sex’). The analysis revealed 
statistically significant differences for all these main effects. Regardless of the first two factors, men 
demonstrated significantly higher values compared to women: 55.1%±9.4% vs. 47.2%±9.4%, 
respectively F(1,38) = 7.10, p < .01, η² = .156. Eccentric contractions yielded significantly higher values 
than their Con counterparts: 53.6%±1.7% vs. 48.8%±1.4%, respectively, F(1,38) = 63.38, p < .01, η² = 
.625. Specifically, the F produced significantly higher values than the R which in turn were associated 
with significantly higher values than the E: 64.8%±14.9%, 54.6%±10.9% and 34%.1±6.2%, respectively, 
F(2,76) = 79.84, p < .01, η² = .678. 
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Figure 3. The strength polygons. F—flexors, E—extensors, UD—ulnar deviators, RD—radial deviators, solid 
line—concentric values, dashed line—eccentric values, 2 inner polygons (solid and dashed)—women, 2 outer 
polygons (solid and dashed)—men. The units on the axes are in Nm. 

 

Figure 4. The strength (PM) of the flexors, radial deviators and extensors expressed as percentage of the ulnar 
deviators. Con—concentric, Ecc—eccentric, E– extensors, F– flexors, PM—peak moment, RD—radial deviators. 

Additionally, a significant interaction between contraction mode and muscle was observed: F 
(2,76) = 26.61, p < 0.01, η² = 0.412. Post-hoc analyses revealed that Ecc contractions yielded significantly 
higher values compared to Con contractions for R (58.6% ± 11.2% vs. 50.7% ± 10.8%, p < 0.01) in E 
movements (36.9% ± 6.4% vs. 31.2% ± 6.2%, p < 0.01), while no significant difference was found for F 

RD

UD

F E
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movement (65.2% ± 10.0% vs. 64.4% ± 10.5%, p = 0.319). Finally, sex-related differences varied as a 
function of muscle group and contraction mode. Men demonstrated significantly higher relative 
strength than women in both contraction modes for R and in Con contractions for E, while no 
significant sex differences were observed for F muscles across either contraction mode (Figure 4). 

Using a two-way ANOVA with repeated measures, two types of ratios were examined: 1. Within 
‘muscle’- between ‘contraction’, namely: E/CF, E/CE, E/CU and E/CR; 2. Between ‘muscle’—same 
‘contraction’, namely: F/Econ, F/Eecc, U/Rcon and U/Recc. The values for the above ratios are outlined in 
Table 2. As for the first series of ratios, the main findings revealed that the E/CF and E/CU were 
significantly higher (p<0.001, p<0.001) in men than in women with no remarkable inter-sex 
differences for E/CE and for E/CR. Moreover, for both sexes the E/CU was the lowest ratio. With respect 
to the second series of ratios, the pairwise comparison revealed that the ratio values for men were 
significantly lower (p<0.001, p<0.01) in U/Rcon and in U/Recc, compared to the women’s, with no 
remarkable inter-sex differences for F/Econ and F/Eecc. The analysis also revealed that in both women 
and men F/Econ was significantly higher (p<0.001, p<0.001) than F/Eecc, while U/Rcon was significantly 
higher than Uecc/Recc (p<0.05, p<0.001). Furthermore, the results show that the order of the ratio values 
for men and women were generally similar with some minor differences. 

Table 2. PM-based isokinetic ratios for wrist muscles in women and men. 

Variable 
   

Cohen’s d 
Men Women t p 

E/CF 1.18±0.1 1.04±0.05 5.24** 0.00 1.66 
E/CE 1.32±0.1 1.31±0.14 0.25 0.80 0.08 
E/CU 1.15±0.08 1.04±0.05 5.23** 0.00 1.66 
E/CR 1.28±0.09 1.32±0.31 -0.58 0.57 -0.18 
F/Econ 2.05±0.76 2.34±0.48 -1.45 0.15 -0.46 
U/Rcon 1.84±0.47 2.58±0.88 -3.36** 0.00 -1.06 
F/Eecc 1.80±0.55 1.87±0.3 -0.48 0.63 -0.15 
U/Recc 1.64±0.37 2.05±0.60 -2.61** 0.01 -0.82 

E/CF, E, U, R—eccentric to concentric ratio of the F, E, U and R, respectively, F/Econ—concentric F to E ratio, F/Eecc—
eccentric F to E ratio, U/Rcon—concentric U to R ratio, U/Recc—eccentric U to R ratio *p<0.001. 

Finally, a correlational analysis (Table 3) that included all pairs of the basic isokinetic outcome 
parameters (e.g., the PM of Fcon and Fecc) was performed with respect to ‘sex’. To compare the overall 
difference between the two correlation matrices (women and men) the Fisher’s r-to-z transformation 
for each pair was first used followed by a Mann-Whitney test. The analysis revealed that men had 
higher overall correlation coefficients compared to women: z = -2.95, p=.003. The findings outlined in 
the table also indicate that in both sexes there were significant and high correlations between the PMs 
of the ‘within-muscle’ Con and Ecc values (r= 0.89-0.97). Furthermore, in both sexes there were 
significant but moderate correlations between the PMs of the ‘between-muscle’ Con and Ecc values 
of F and U (0.49-0.63). 

Table 3. Peak moment correlation (Pearson’s r) matrix: women vs. men. Each cell in the matrix includes the r 
value in women (top) and men (bottom). 

Women 
Men 

     
Fcon Fecc Econ Eecc UDcon UDecc RDcon RDecc 

Fcon 1        

Fecc 
0.93*** 
0.98*** 1       

Econ 
-0.27 
0.56** 

-0.15 
0.55** 1      
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Eecc 
-0.32 
0.70*** 

-0.23 
0.68** 

0.95*** 

0.89*** 1     

Ucon 
0.50* 
0.58** 

0.47* 
0.55 

-0.14 
0.51* 

-0.05 
0.53* 1    

Uecc 
0.49* 
0.65** 

0.52* 
0.63** 

-0.11 
0.51* 

-0.03 
0.55** 

0.97*** 
0.98*** 1   

Rcon 
0.31 
0.21 

0.25 
0.20 

-0.07 
0.26 

-0.10 
0.31 

0.35 
0.46* 

0.38 
0.39 1  

Recc 
0.27 
0.11 

0.21 
0.07 

-0.05 
0.21 

-0.08 
0.28 

0.38 
0.36 

0.40 
0.30 

0.96*** 
0.93*** 1 

*p<0.05, **p<0.01, ***p<0.001. 

4. Discussion 

This study focused on the Con and Ecc strength of the wrist muscles and their sex-related 
variations. The main finding is that for both contraction types and irrespective of sex, the strongest 
wrist muscle group is the U followed successively by the F, R and E. In addition, based on the inter-
muscular correlations, women and men differ significantly in what may be termed as the inter-muscle 
strength pattern (IMSP). 

The significance of the wrist muscles strength order lies both with the anatomical-biomechanical 
and the clinical domains. While the former is primarily a reflection of the force vectors of the 
operating muscles and their associated lever arms, the latter could provide an additional guideline 
in rehabilitation of wrist injury especially in the presence of muscle strength deficiency. Given the 
particular importance of both, a preliminary assessment of the validity of the strength polygon is self-
evident. Such an assessment may be approached through three different venues. One, which is based 
on comparison to previous findings relating to all 4 muscle groups was ruled out since the available 
studies could not serve this purpose for reasons highlighted above [17,18]. Therefore, a more limited 
approach is to compare to F and E strengths which were explored in studies that related to both sexes, 
employed a substantially similar test protocol, and applied the same dynamometer. Close similarity 
between the former and the current findings albeit relating to only 2/4 patterns, would provide a 
preliminary basis for the validity of the strength polygon. However, prior to such comparison, an 
important qualifying factor should be considered. With one exception all past studies relating to wrist 
muscles strength placed the hand of the tested side in grip configuration [15]. This is in fact a direct 
result of the design of all wrist muscles testing attachments serving in any of the commercially 
available isokinetic dynamometers, namely the use of a forearm support that provides proximal 
stabilization and a handle which allows solid grip during the test. Thus, the recorded isokinetic 
strength reflects, at least with respect to wrist F, the cumulative effect of the actual wrist flexors as 
well as that of the muscles responsible for the grip. 

A number of studies that quoted sex-based values and used the same angular speed (90°/s) can 
serve this purpose. Forthomme et al. (2002) reported a mean (SD) concentric PM of the F of 14.6±3.4 
Nm (0.26±0.06 normalized) and 26.7±4.5 (0.35±0.04), in women and men, respectively [3]. The 
respective figures for E were 6.9±1.8 (0.12±0.03) and 10.5±1.8Nm (0.14±0.02). In another study relating 
to the age decade 20-29, the PM for F in women was 10.7±2.4 and 18.4±3.8 in men vs. E strength of 
5.7(1.4) and 9.4±1.6Nm, respectively [5]. In a similar study of isokinetic strength in both sexes which 
was spread over a wide age range, the F strength in women (N=72) was 13.1± 2.8 whereas for men 
(N=90) it was 22.1±5.5Nm. The respective values for E were 6.0±1.7 and 11.4±3.1Nm [6]. Finally in a 
recent study which employed a slightly higher speed (120°/s) and two groups of women and men 
(totally different from the current study) the F strengths were 10.7±2.0Nm (0.18±0.04 Nm/kgbw) and 
17.9±3.6 (0.24±0.05), in women and men, respectively. The parallel values for E strengths were 
5.84±1.6 (0.10±0.02) and 9.4±2.5 (0.13±0.03 Nm/kgbw) [7]. Thus, except for one study whose mean 
values exceeded the current findings systematically by about 25%, the other reported values closely 
align with those derived from the present study. As for the F/Econ ratio, the present values of 2.05±0.76 
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and 2.34±0.48, in men and women respectively, should be compared with those obtained by 
Forthomme et al.: 2.17±0.63 (men) and 2.55±0.29 (women) and Harbo et al.: 1.94 and 2.2, respectively, 
indicating good to excellent agreement among the studies. 

The second venue relates to the internal E/C ratios. When applying the same speed in maximal 
effort testing, the ECR is > 1, a physiological variant that has been reported in practically all isokinetic 
studies to-date [23]. In this study all ECRs were >1, ranging from 1.04 to 1.32. Of note, the higher 
scores were calculated for E/CE and E/CRD with almost perfect inter-sex similarity. For F and U, the 
values were lower in both sexes and significantly lower still in women compared to men. One 
possible explanation for this variation is the relatively higher Con vs. Ecc strength associated with 
the F and U muscle groups which could possibly result from a higher exposure to concentric powerful 
contractions of these muscles. 

The third venue relates to the inter-sex strength ratios—PMW/PMM. In particular, the absolute 
(Nm) ratios ranged 0.57-0.75, with a mean value of 0.66 and 0.62 for the Con and Ecc PMs, 
respectively, and an overall mean of 0.64. In a recent comprehensive review that assessed principally 
the sex-related aspects of muscle strength and endurance, the global (all muscles) Con PMW/PMM 
ratio stood at around 0.6 [24]. Specifically with respect to the wrist F and E and based on the studies 
by Harbo and Dannes (2012), this ratio was on average 0.6 for the F and slightly smaller for the E, 
around 0.55 [6]. No parallel figures were quoted for either the R or the U [6]. In another study, the 
calculated values of the PMW/PMM ratio for Con isokinetic efforts at 30 and 90°/s and Ecc at 60°/s were 
0.6, 0.55 and 0.58, respectively [3]. The slight differences between the present findings and those 
derived from the abovementioned studies may also be the result of the difference between the test 
position of the hand, in the gravitational vs. the nongravitational planes, in the former and latter, 
respectively. However, probably the most valid comparison is to the findings derived from a 
previous study carried out by our group on a different group of same age range participants in which 
the only difference was in the testing speed: 120 instead of 90°/s. The absolute PMW/PMM ratio was 
0.6 for Fcon, Fecc and Eecc and 0.62 for Econ and thus in excellent agreement with the current 
findings. The increase in the normalized (Nm/kgbw) PMW/PMM ratio by around 15%, has been 
highlighted in a recent systematic review with particular reference to wrist muscles [2]. This aligns 
with parallel findings relating to other muscles in the body [25], while underlying the importance of 
bodyweight and sex in predictive equation of strength, see e.g., [26]. In the light of this finding, we 
recommend the parallel use of absolute and normalized isokinetic strength scores. 

It is therefore suggested that the collective evidence supports the validity of the findings. 
Moreover, in spite of the serious dearth of data relating to U and R, we maintain that the strict 
adherence to the protocol in all possible aspects, in addition to testing of same subjects in a single 
session yet in random order of F-E vs. UD-RD, ensures that the strength polygon is a valid reflection 
of the isokinetic strength order of the wrist muscles, derived from the described test protocol. The 
latter, should be well borne in mind, given the sensitivity of isokinetic tests to the exact test protocols 
and we therefore suggest that for the sake of standardization, future isokinetic studies of these 
muscles are conducted along the same test conditions. 

In trying to elucidate the underlying factor/s for the strength polygon, it is worth considering 
that ultimately, two elements take part in generating a moment around an axis: the magnitude of the 
force and its moment arm (MA). In biological terms, these are embodied respectively by the tension 
(in N) developed in the relevant muscle and its direction (in angular values) relative to a fixed 
coordinate system, and the distance (in mm) between that vector and the axis around which the 3D 
joint motion takes place. Noteworthy, the magnitude of the vector depends on the invariable muscle/s 
mass, physiological cross-sectional area (PCSA) and fiber length [27], as well as on the level of 
activation, relative to the maximum which most commonly is defined in terms of maximal isometric 
contraction. Thus, studies on human cadavers which typically relate to the muscle/s’s PCSA but do 
not include MA data are of limited importance in the present context [28–30]. Of note, the data 
presented in these studies, which were based on diverse yet very small samples, indicated significant 
variations although the PCSA and masses of U and F muscles were quite similar with differences of 
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1-11%. Quite surprisingly, the PCSA and mass of the E were the highest, but without reference to the 
associated MAs the strength order of the muscles could not be estimated. This was done in a study 
which tested the isometric strength of the 4 muscle groups using a custom-made dynamometer 
instrumented with a rotating load cell whose axis was aligned with the capitate bone [31]. The mean 
peak isometric flexion moment was 12.2±3.7 Nm, while the parallel values for E, U and R were 7.1±2.1, 
9.5±2.2 and 11.0±2.0 Nm, respectively. Thus, not only were the absolute isometric strength values 
much lower than those obtained in the present study, the strength order of the muscles was different: 
F > R > U > E. Significantly, by estimation, F strength was greater than the U’s by around 30% whereas 
in the current study U > F by more than 50%. 

Although we did not conduct isometric measurements, based on the moment-angular speed 
(torque-velocity) function, the value of the isometric strength normally lies between the moment 
values of the concentric and eccentric contractions. Therefore, by very gross interpolation and based 
on the current results, the isometric strength of the U, F, R and E in the male participants in this study 
would have been around 28, 18, 17 and 10, respectively, namely substantially higher than the 
previously reported values [31]. However, this disparity on its own does not provide sufficient 
explanation since isometric strength differs significantly from its isokinetic counterpart [23] and 
therefore a direct comparison should not be attempted. 

On the other hand, the differences in the MAs caused by a substantially different location of the 
center of rotation (CoR) cannot be overlooked. Specifically aligning the CoR with the capitate for the 
isometric measurements [31] vs. the use of the radiocarpal joint’s CoR in the present study may 
seriously affect the findings. Based on radiological data extracted from Indian women and men, the 
distance between the middle of the capitate and the radiocarpal joint is around 20mm [32]. 
Furthermore 1. the CoR during isokinetic motion is constantly varying whereas in maximal isometric 
exertions, the CoR would be stationary once the bones are in tight position 2. The test position was 
different: neutral (midway between pronation-supination) vs. supinatory in the present and the Delp 
et al. studies, respectively, probably affecting the recorded findings [27]. Indeed, as demonstrated 
before in a study focusing on estimation of the wrist joint’s CoR, the method applied for this purpose 
may have a massive effect on the results [33]. As well, the models and the experimental set-ups have 
limited the analysis to the 6 ‘wrist only’ muscles while leaving the extrinsic muscles operating on the 
fingers outside the picture in spite of their role in the actions explored [15]. However, to actually test 
the effect the varying MAs may have on the present results would require on-line imaging or 
noninvasive marking of the bones comprising the wrist while monitoring the tendon-associated 
vectors and level of activity in the muscles that operate on the wrist of live subjects during the 
isokinetic test. Such a task would be profoundly challenging, at the slightest, from the technical point 
of view. Alternatively, modelling of this system could serve this objective and shed some light on the 
major factors taking place in producing the moments recorded in this study. Equally, further research 
that is based on different isokinetic dynamometers, same alignment axes and more diverse protocols, 
e.g., including isometric measurements and additional speeds could assist in obtaining a 
comprehensive strength profile of the wrist muscles. 

The other major finding emerging from this study, indicated that men had significantly (p=.003) 
higher overall inter-muscular correlation values compared to women. The same inter-muscle 
strength pattern (IMSP) was observed for the first time in a recent study conducted by our group [7] 
which was limited to exploring the Con / Ecc strength of the F and E in both sexes. In the present 
study this finding was expanded to include the U and R. A comprehensive literature search failed to 
produce a similar finding but a recent review indicated that men participation in strength training 
was more intensive than women [24]. Moreover, “Men are motivated more by challenge, competition, 
social recognition, and a desire to increase muscle size and strength…and also have greater 
preference for competitive, high-intensity, and upper-body exercise whereas women are motivated 
more by improved attractiveness, muscle “toning,” and body mass management” (p. 494). This 
emphasis on upper body exercise would reflect on the strength of the wrist muscles but the IMSP is 
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not about the strength per se, absolute or normalized, but on the strength relationships among the 
muscles. 

In the absence of relevant previous research, we speculate that the more pronounced IMSP is 
probably a result of the need imposed on the muscles to increase the level of muscular co-activation 
in order to produce higher moments about the wrist. Significantly, none of the 4 movement patterns 
is a product of a single muscle, namely, movement against resistance requires co-contraction of 2 or 
3 out of the 6 muscles operating on the wrist according to the direction: for U—Flexor carpi ulnaris 
(FCU) + Extensor carpi ulnaris (ECU), for F—FCU + Flexor carpi radialis (FCR), for R—FCR + extensor 
carpi radialis longus (ECRL) + extensor carpi radialis brevis (ECRB) and for E—ECU + ECRL + ECRB. 
In order to maximize the moment output, these muscles have to work together and the higher the 
demand, the higher the level of co-contraction as is well established [34,35]. Of note, any pair of 
muscles in the above have one directional movement in common and one that is opposite. For 
example, to produce forceful U, FCU and ECU are coactivated but whereas they are agonists for U, 
the first is also a flexor (FCU) while the second (ECU) is an extensor. The other 3 movement actions 
demonstrate the same principle. This simultaneous agonism-antagonism action pattern that occurs 
more often and at a higher intensity in men compared to women, most probably leads to the 
significantly higher IMSP in men. Research focusing on the within- and between-sex differences in 
IMSP relating to lower and upper extremity muscles that operate multiple planes of motion joints is 
needed to shed further light on this challenging relationship. 

One methodological limitation associated with this study is the sensitivity of isokinetic 
assessment to the test protocol and associated external parameters. Thus, strict adherence to the same 
test position, axes alignment, RoM and speed as well as reference to sex and age, are prerequisites for 
comparison of future to present findings. In addition, the experimental design did not include 
isometric contractions and/or additional angular speeds that would further validate the shape of the 
strength polygon and the superiority of the IMSP in men compared to women. 

5. Conclusions 

Concentric and eccentric isokinetic profiling of the wrist muscles in women and men reveals that 
the ulnar deviators are the strongest muscle group followed consecutively by the flexors, radial 
deviators and extensors. This main finding, as well as other internal strength ratios was uniform in 
both sexes lending further support to the validity of the findings. In addition, the inter-muscle 
strength correlations were significantly higher in men compared to women, a phenomenon that may 
be explained by adaptive/functional factors. 
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CoR Center of Rotation 
E/CE PM-based eccentric to concentric ratio of the extensors  
E/CF PM-based eccentric to concentric ratio of the flexors  
E/CR PM-based eccentric to concentric ratio of the radial deviators 
E/CU PM-based eccentric to concentric ratio of the ulnar deviators 

E extensors 
Ecc eccentric 
F flexors 
F/Econ concentric PM-based flexors to extensors ratio  
F/Eecc eccentric PM-based flexors to extensors ratio 
MA moment arm 
PCSA physiological cross-section area 
R radial deviators 
RoM Range of Motion 
U ulnar deviators 
U/Rcon concentric PM-based ulnar to radial deviators ratio  
U/Recc eccentric PM-based ulnar to radial deviators ratio 
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