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Abstract 

Purpose: To identify whether there were any significant differences in the lower-body 

muscle structure, and countermovement jump (CMJ) and squat jump (SJ) performance 

between stronger and weaker surfing athletes. Methods: Twenty elite male surfers had their 

lower-body muscle structure assessed with ultrasonography, and completed a series of lower-

body strength and jump tests including; isometric mid-thigh pull (IMTP), CMJ and SJ. 

Athletes were separated into stronger (n=10) and weaker (n=10) groups based on IMTP 

performance. Results: Large significant differences were identified between the groups for 

vastus lateralis (VL) thickness (p=0.02; ES=1.22) and lateral gastrocnemius (LG) pennation 

angle (p=0.01; ES=1.20), and a large non-significant difference was identified in LG 

thickness (p=0.08; ES=0.89). Furthermore, significant differences were present between the 

groups for peak force, relative peak force, and jump height in the CMJ and SJ (p<0.01-0.05, 

ES=0.90-1.47), and eccentric peak velocity, as well as vertical displacement of the centre of 

mass during the CMJ (p<0.01, ES=1.40-1.41). Conclusion: Stronger surfing athletes in this 

study possessed greater VL and LG thickness, and increased LG pennation angle. These 

muscle structures may explain the better performance in the CMJ and SJ. A unique finding in 

this study was the stronger group appeared to better utilize their strength and muscle structure 

for braking as they had significantly higher eccentric peak velocity and vertical displacement 

during the CMJ. This enhanced eccentric phase may have resulted in a greater production and 

subsequent utilization of stored elastic strain energy that led to the significantly better CMJ 

performance in the stronger group. 

Key Words; eccentric, stretch-shortening cycle, isometric, power 
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Introduction 

Lower-body strength and jump performance are proposed critical physical qualities 

related to performance in a large number of sports1-3. Previous research has highlighted the 

influence of the structural arrangement of the fascicles within a muscle on force producing 

capabilities4, 5. Additionally, there is an ever-increasing understanding of the underlying 

muscle structures that are related to enhanced expressions of strength and jump performance6-

8. As muscle structure is noted as highly adaptive to training, further contributions to expand 

the understanding of the underpinning factors related to muscle structure benefit strength and 

conditioning practitioners and sport scientists, by increasing the knowledge within the field to 

best develop these qualities. 

Extensive research has reported that specific lower-body muscle structures are related 

to enhanced expressions of strength and jump performance8, 9. Specifically, greater thickness 

of the vastus lateralis (VL), and lateral gastrocnemius (LG) muscles have been significantly 

related to increased lower-body isometric and dynamic strength (r=0.43-0.77)8, 9. 

Additionally, the pennation angles of the VL and LG have also been significantly associated 

with lower-body dynamic strength and power (r=0.46-0.78)8, 10. Although these studies have 

provided valuable insight into the influence of muscle structure on force producing 

capabilities, it is necessary to note that these relationships have been ascertained with an 

assumption of perfectly linear relationships in the absence of additional confounding 

variables. A cross-sectional analysis, or findings of only moderate to large relationships, may 

still mask the importance of some variables. Therefore, comparative studies investigating the 

differences in muscle structure of stronger and weaker athletes may assist the understanding 

of the potential influence of strength on the variables of interest without the delimiting 

assumption of strength having a perfectly linear relationship with other variables, or that there 

are no other confounding variables affecting the linear relationship. Such a research design 
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can allow the magnitude of influence from differences in strength to be identified on a range 

of variables.  

Numerous studies have identified that lower-body strength is significantly related to 

the performance of dynamic movements11-13. Specifically, Nuzzo et al.11 identified that 

relative one repetition maximum (1RM) squat was significantly related to CMJ jump height 

(r=0.69, p<0.05). Furthermore, Baker and Nance12 found a significant relationship between 

three repetition maximum squat and jump squat power (r=0.81, p<0.05), with Wisloff et al.13 

demonstrating a significant relationship was present between 1RM half squat and CMJ jump 

height (r=0.78, p<0.02). However, these relationships have been demonstrated between squat 

variations and vertical jumps13, with few studies utilising isometric strength tests, such as the 

isometric mid-thigh pull (IMTP)11. It has been suggested that during the eccentric phase of a 

stretch-shortening cycle (SSC) the lower-body musculature will typically perform a 

concentric or isometric contraction in order to allow for increased stretch of the tendon14, 15. 

Specifically, the more powerful the concentric or isometric contraction, the greater the tendon 

deformation, and hence, the greater production and storage of elastic strain energy within the 

muscle-tendon unit (MTU)14, 15. As such, it may be that isometric assessments of strength 

may be more valid in evaluating the influence of strength on dynamic performance. 

Secomb et al.9 and Nuzzo et al.11 identified through cross-sectional analyses, that 

significant relationships were present between IMTP peak force (PF) and relative PF (rPF), 

and CMJ and SJ jump height. Conversely, Thomas et al.16 recently reported that between a 

stronger and weaker group of athletes, significant differences existed in CMJ and SJ PF and 

peak velocity (PV), but not jump height. Whilst surprising that jump height was not 

significantly different between the groups in Thomas et al.16, it is important to note that there 

was a lack of homogeneity within the subject group, and the difference in IMTP rPF between 

the groups may not have been large enough to discriminate the effect of strength on jump 
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performance. Greater isometric strength may allow an athlete to more effectively brake 

during higher eccentric velocities, which would have large implications on the athlete’s 

ability to effectively produce and utilize elastic strain energy during a SSC17. Therefore, the 

purpose of this study was to determine whether significant differences exist in the lower-body 

muscle structure and, kinetic and kinematic variables of the CMJ and SJ between a stronger 

and weaker group of elite surfing athletes. In particular, this study aimed to determine 

whether differences were present in the eccentric variables of the CMJ between the groups, as 

previous research has typically focussed on the concentric components.  

Methods 

Subjects 

Twenty elite competitive male surfers (21.5±4.9 y; 1.76±0.06 m; 70.1±8.8 kg) 

participated in this study. For inclusion in the study, subjects were required to be: (i) actively 

competing at an international level (ii) aged 16-35 years, and (iii) currently free of any injury 

or medical condition, as per a health screening questionnaire. The study and procedures were 

approved by Edith Cowan University Human Ethics Committee (approval number: 10228) 

and subjects were provided with information detailing the study prior to providing informed 

consent, as well as being screened for medical contraindications. Subjects that were under 18 

years of age provided written informed assent and consent from a parent or guardian. 

Design 

The present study involved a comparative analysis of data from assessments of lower-

body muscle structure using ultrasound, and a battery of lower-body strength and jump 

performance tests (CMJ, SJ and IMTP). For analysis, the athletes were designated to either 

the stronger (24.8±3.3 y; 1.78±0.04 m; 75.0±4.9 kg) or weaker groups (18.2±4.0 y; 1.74±0.06 

m; 65.2±9.2 kg) based on IMTP performance (Table 1), with athletes matched for 

competitive level. Athletes with an IMTP rPF≥3.5N·BW-1, based on a median split, were 
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placed in the stronger group (n=10), with the remaining athletes placed in the weaker group 

(n=10).  

Methodology 

Ultrasound 

Real-time B mode ultrasonography (SSD-1000; Aloka Co., Tokyo, Japan), with a 

7.5MHz linear probe was used to assess VL and LG muscle structure7, 15, 18. Subjects were 

placed in a prone position, for assessment of muscle thickness and pennation angle of the LG, 

with measures taken at two-thirds of the distance between the lateral epicondyle of the femur 

and lateral malleolus8, 9, 19. Additionally, subjects were then placed in a supine position, with 

measures taken at 50% of the distance between the greater trochanter and lateral epicondyle 

of the femur to measure VL muscle thickness and pennation angle8, 9, 19. Two images were 

recorded of the VL and LG of both legs, with analysis performed as previously described in 

Secomb et al.9. Furthermore, the fascicle length of the VL and LG were calculated with a 

previously reported equation (fascicle length = (muscle thickness x (sin pennation angle)-

1))20. The average of the left and right leg variables were used for analysis. The reliability for 

all muscle architecture variables have previously been reported as high (ICC: 0.87-1.00; 

%CV: 0.8-6.5%) in a similar population, using an identical methodology 9. 

Lower-Body Strength and Jump Tests 

All subjects completed a 10-minute whole-body warm-up, which consisted of squats, 

lunges, and dynamic mobility movements followed by the strength and jump testing in the 

following order: CMJ, SJ, and IMTP9. Subjects performed the CMJ on a portable force plate 

(400 Series Performance Force Plate; Fitness Technology, Adelaide, Australia) with a 

wooden dowel held across their back to eliminate any potential contribution from arm-

swing9. Data was sampled at 600Hz, with the force plate connected to a portable laptop, 

utilizing an analysis software package (Ballistic Measurement System; Fitness Technology, 
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Adelaide, Australia). Three CMJ trials were performed by each subject, to a self-selected 

depth, with the instructions to jump as high and quickly as possible9, 21. Subjects were 

provided with one minute of rest between each trial, and three minutes of rest prior to 

commencing the three trials of the SJ trials. 

The SJ was performed with a linear position transducer attached to the wooden dowel 

(PT9510; Fitness Technology, Adelaide, Australia), which was interfaced with the 

aforementioned portable force plate9. Subjects started the SJ from a position whereby the top 

of thighs were parallel with the ground. The subjects were required to hold this position for 

three seconds, before jumping as high as possible22-24. The best trial of the CMJ and SJ from 

each subject, as determined by jump height, was used for analysis. Trials for the SJ were 

discarded in the event of a small amplitude countermovement of greater than 2 cm, as 

determined by analysis of the displacement-time trace on the analysis software22, 24. The 

following kinetic and kinematic variables were assessed for all jumps: concentric phase PF, 

rPF, PV, and jump height. Jump height and velocity calculations were derived using the 

impulse-momentum calculation for the CMJ, and were measured directly using the linear 

position transducer for the SJ. Further, eccentric PV was also calculated for CMJ. Force data 

was filtered using a 4th order Butterworth filter with a cutoff frequency of 50 Hz. 

Additionally, a measure reflective of eccentric leg stiffness (kleg) was calculated from the best 

CMJ trial, with the equation of kleg=Fpeak/ΔL, where Fpeak is the peak ground reaction force, 

and ΔL is the vertical displacement of the center of mass (COM)2, 25, 26.  

The IMTP was performed on the aforementioned portable force plate, with the 

subjects gripping a customized pull rack, in a position similar to that of the second pull of a 

power clean and with the same technique as previously described in a similar population21. 

Each subject completed two trials of the IMTP, with two minutes of rest between each trial 

with a third trial if a difference in PF greater than 250N was present. The best trial from each 
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subject, as determined by the highest PF, was used to determine PF and rPF (N·BW-1)9. To 

reflect an athlete’s ability to rapidly apply force during a dynamic movement, relative to their 

maximal isometric force capacity the dynamic strength deficit (DSD) ratio was calculated 

using the following formula; DSD=CMJ PF/IMTP PF27. The reliability for all lower-body 

strength, kinetic and kinematic variables, and stiffness variables have previously been 

reported high for a similar population (ICC: 0.82-0.99; CV%: 1.0-6.8%)9. 

Statistical Analysis 

The means and standard deviations (±SD) were reported for all muscle structure 

measures and lower-body strength, and kinetic and kinematic jump variables for both the 

strong and weaker groups (Table 1). Normality of data was assessed with the Shapiro-Wilk 

statistic. In the event of the assumption of normality being violated, the data were log-

transformed before analysis. Due to significant differences being present between the mean 

ages for both groups, a one-way analysis of covariance was performed to compare the means 

of all VL and LG muscle structure measures, and kinetic and kinematic variables of the CMJ 

and SJ between the stronger and weaker groups, using age as the covariant. Cohen’s d effect 

size (ES) was calculated, with the following criteria used to infer the magnitude of the 

difference; <0.2 (trivial), 0.2-0.5 (small), 0.5-0.8 (moderate), and >0.8 (large)28. All statistical 

analyses were performed using a statistical analysis package (SPSS, Version 22.0; Chicago, 

IL). Statistical significance was set at p≤0.05. 

Results 

Large significant differences were present between the groups for VL thickness 

(p=0.02, ES=1.22) (Figure 1) and LG pennation angle (p=0.01, ES=1.20) (Figure 2) and 

while not significant, LG thickness still demonstrated a large effect difference between 

groups (p=0.08, ES=0.89) (Figure 3). Further, moderate non-significant differences were 

identified between the fascicle length of stronger (5.96±0.80cm) and weaker (6.59±1.17cm) 
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in the LG  (p=0.17, ES=-0.62) and between stronger (8.22±1.28cm) and weaker 

(7.21±1.43cm) athletes in VL (p=0.30, ES=0.71), with a small non-significant difference 

between the VL pennation angle of stronger (18.8±2.5°) and weaker (17.8±2.4°) athletes 

(p=0.72, ES=0.38). Significant differences were present between the lower-body strength and 

jump variables between the groups (Table 1).  

Discussion 

The purpose of the present study was to determine whether there were any significant 

differences between stronger and weaker elite athlete’s lower-body muscle structure, and the 

concentric and eccentric kinetic and kinematic variables of the CMJ and SJ. The results of 

this study indicate that the stronger group demonstrated significantly larger thickness of the 

VL, as well as greater pennation angle of the LG. Further, when compared to their weaker 

counterparts, the stronger group exhibited significantly greater PF, rPF, PV and jump height 

in the CMJ and SJ. The groups did not show any significant difference in eccentric leg 

stiffness or EUR; however, the stronger group demonstrated a significantly greater eccentric 

PV and vertical displacement of the COM during the eccentric phase of the CMJ. 

The stronger group exhibited significantly greater thickness of the VL muscles when 

compared to the weaker group. Additionally, they also demonstrated enhanced thickness of 

the LG muscles, which was of large effect but non-significant. Cross-sectional studies have 

previously identified significant relationships between VL and LG thickness and lower-body 

strength8, 9, 19. Importantly, the results of this comparative study support the contention that 

greater thickness in the lower-body musculature helps discriminate groups in regards to force 

producing capabilities, as the influence of these variables were isolated for effect8, 9, 19. To 

provide further support to these findings, future research should investigate whether similar 

results are achieved with athletes from different sports. 
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As greater muscle thickness can be the result of several factors, such as; increased 

pennation, larger fascicle lengths, or a combination of the two29, the results of this study may 

provide valuable insight into the underlying lower-body muscle structures exhibited by 

stronger athletes. Interestingly, significant differences were observed between the groups for 

LG pennation angle, but not VL pennation angle. It has previously been reported that greater 

pennation is related to more hypertrophy within a muscle18, suggesting that the stronger 

group possessed greater hypertrophy in the LG muscles, which allowed for enhanced force 

producing capabilities. Importantly, Blazevich29 noted that when pennation is less than 25°, 

any change to the pennation angle is not likely to significantly impact the proportion of force 

transferred from the muscle action to the tendon. This may explain why there was no 

significant difference between the VL pennation angles of the stronger and weaker groups. In 

addition, it has been suggested that muscles with greater fascicle lengths can produce greater 

force at higher shortening velocities and over longer lengths, due to more muscle subunits in 

series17, 29. As such, it is unsurprising that VL fascicle length in the stronger group showed a 

moderate effect difference (ES=0.71). Practically, these results could be utilised to form and 

support the basis of rationale in training studies, which aim to determine whether increases in 

strength are associated with specific concomitant changes to VL and LG thickness, pennation 

angle, and fascicle length. 

The stronger group in this study were able to produce significantly greater PF, rPF, 

and jump height in the CMJ and SJ, compared to the weaker group. These results suggest that 

the stronger surfing athletes in this study, as determined by IMTP rPF, also exhibited an 

enhanced ability to express both absolute and relative lower-body dynamic strength and jump 

performance. These findings are in agreement with the data of Thomas et al.16, which 

reported that a stronger group of collegiate athletes were able to produce greater absolute and 

relative PF in the CMJ and SJ. Conversely, the present results demonstrating that the stronger 
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surfing athletes achieved greater jump height in the CMJ and SJ does not agree with that of 

Thomas et al.16, yet does agree with the cross-sectional analyses of Nuzzo et al.11 and Secomb 

et al9. A potential explanation for the conflicting results between Thomas et al.16 and the 

present study could be the difference in strength between the stronger and weaker groups. 

Importantly, the difference in the mean IMTP rPF between the stronger and weaker groups in 

Thomas et al.16 (3.9±0.2; 3.1±0.4, respectively) was less than that in the present study 

(4.1±0.5; 3.0±0.1, respectively). Potentially the difference in isometric strength between the 

groups in Thomas et al.16 may not have been large enough to differentiate the effect of 

strength on the jump height. 

In this study, the stronger group exhibited a significantly larger vertical displacement 

of COM during the eccentric phase of the CMJ. Although no significant differences were 

observed between the groups in eccentric leg stiffness, due to the greater CMJ PF produced 

by the stronger group, this does suggest that differing SSC strategies were employed by the 

stronger and weaker athletes during the countermovement. The results of this study identified 

that the stronger surfing athletes were able to develop significantly greater eccentric PV in the 

CMJ, compared to the weaker group. These results are in agreement with Cormie et al.17, 

which suggested that with increased isometric strength, athletes are able to brake more 

effectively and better utilise the eccentric phase of the CMJ. The greater eccentric PV 

demonstrated by the stronger group likely assisted them in achieving a greater PF in the CMJ. 

This significantly greater CMJ PF combined with increased vertical displacement of the 

COM would have resulted in an increase in the mechanical work performed by the stronger 

group. Theoretically this should increase the stored elastic energy within the MTU, and 

hence, may help explain the greater jump height achieved by the stronger group. 

The results from the present comparative study, in combination with previous cross-

sectional analyses9, 11 suggests that performance in the IMTP can distinguish between 



“Lower-Body Muscle Structure and Jump Performance of Stronger and Weaker Surfing Athletes” by Secomb JL et al.  

International Journal of Sports Physiology and Performance 

© 2015 Human Kinetics, Inc. 

 

athletes’ ability to express lower-body dynamic strength as demonstrated in improved vertical 

jump height. Therefore, it may be effective in profiling an athlete to determine whether their 

underpinning strength is inhibiting their ability to perform dynamic movements. Further 

research efforts should examine specific sporting populations, with the broadest range of 

strength possible. This would allow for determination of the extent to which increasing 

isometric strength levels positively impacts dynamic strength and jump performance (i.e. 

determine if there is a ‘ceiling effect’ on the influence of maximal isometric strength on 

dynamic strength or jump performance). Furthermore, this would assist practitioners in 

establishing expectations for strength requirements and determine a concept of the rate of 

diminishing returns on strength improvement related to jump performance or when rate of 

force development (dynamic strength) could enhance jump performance greater than 

improving maximal isometric strength. 

Practical Applications 

The results of this study suggest that different lower-body muscle structures and 

abilities to perform in the CMJ and SJ existed between stronger and weaker surfing athletes, 

as determined by their level of relative strength during an IMTP. These results suggest that 

greater thickness in the VL and LG muscles allows for increased lower-body isometric and 

dynamic force producing capabilities. Additionally, it appears that increased isometric 

strength allows an athlete to demonstrate increased eccentric PV and vertical displacement of 

the COM during a CMJ, which may be due to a greater ability to brake more effectively 

during the eccentric phase of a SSC. This could result in more stored elastic strain energy and 

lead to enhancements in jump performance. Therefore, it is recommended that practitioners 

continue to improve the isometric and dynamic strength of their athletes when attempting to 

improve jump performance. Such strength improvements may allow the athlete to better 
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utilise or tolerate the eccentric phase of a SSC, which could improve performance in the 

concentric phase. 
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Figure 1 Mean ±SD vastus lateralis (VL) thickness for the stronger (n=10) and weaker (n=10) group. 
*Indicates statistical significance at p<0.05. 
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Figure 2 Mean ±SD lateral gastrocnemius (LG) pennation angle for the stronger (n=10) and weaker 

(n=10) group. **Indicates statistical significance at p=0.01. 
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Figure 3 Mean ±SD lateral gastrocnemius (LG) thickness for the stronger (n=10) and weaker (n=10) 

group. No significant difference (p=0.08), however the magnitude of effect was large. 
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Table 1. Mean ±SD observed values and results of the One-Way ANCOVA for all strength and kinetic and kinematic jump variables of the stronger and 

weaker groups 

 

 Stronger Group 

(n=10) 

Weaker Group 

(n=10) 

p Effect Size Interpretation of 

Effect Size 

Isometric Mid-Thigh Pull (IMTP)      

Peak Force (N) 3038 ± 402 1924 ± 297 <0.01 1.67 Large 

Relative Force (N·BW-1) 4.13 ± 0.53 3.01 ± 0.14 <0.01 1.64 Large 

Countermovement Jump (CMJ)      

Peak Force (N) 1962 ± 363 1448 ± 281 <0.01 1.25 Large 

Relative Peak Force (N·BW-1) 2.68 ± 0.55 2.25 ± 0.20 0.05 0.90 Large 

Peak Velocity (m·s-1) 3.07 ± 0.16 2.75 ± 0.17 <0.01 1.39 Large 

Eccentric Peak Velocity (m·s-1) 3.11 ± 0.20 2.71 ± 0.20 <0.01 1.40 Large 

Peak Height (m) 0.61 ± 0.06 0.49 ± 0.05 <0.01 1.47 Large 

Vertical Displacement of COM (m) 0.51 ± 0.04 0.42 ± 0.06 <0.01 1.41 Large 

Eccentric Leg Stiffness (N·m-1) 3829 ± 512 3523 ± 764 0.35 0.47 Small 

Squat Jump (SJ)      

Peak Force (N) 1590 ± 134 1280 ± 231 <0.01 1.28 Large 

Relative Peak Force (N·BW-1) 2.16 ± 0.11 1.99 ± 0.12 <0.01 1.18 Large 

Peak Velocity (m·s-1) 3.09 ± 0.25 2.86 ± 0.34 0.05 0.74 Moderate 

Peak Height (m) 0.51 ± 0.05 0.43 ± 0.06 0.01 1.11 Large 

DSD Ratio (CMJ peak force/IMTP peak force) 0.65 ± 0.12 0.76 ± 0.07 0.07 -0.93 Large 

 


