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Muscle fatigue, as defined by a reduction in 
physical performance or force production, 
commonly impairs athletic performance, but its 
physiological mechanisms are not fully 
understood (1). An emerging area of research 
explores crossover fatigue, where fatigue that is 
induced via exercise in one limb can impair the 
force produced in the contralateral (opposite) 
non-exercised limb due to alterations in neural 
pathways (2). The investigation of crossover 
fatigue is essential for providing insight into the 
ways that fatigue is modulated by the brain and 
spinal cord to aid in the understanding of fatigue 
and its prevention. 

 
Female collegiate athletes, such as volleyball 
and basketball players, frequently experience 
unilateral fatigue, as they perform several 
movements that require repeated force 
production from one limb. Thus, understanding 
mechanisms of fatigue is beneficial for designing 
effective training plans that maximize 
performance by minimizing fatigue. The purpose of this Summer Undergraduate Research 
Fellowship (SURF) project, funded through the Hamel Center for Undergraduate Research, 
was to induce unilateral fatigue in the dominant leg muscles of female collegiate athletes and 

Subject performing single-leg vertical jump using 
the Vertec. 
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then evaluate subsequent force production, muscle activation, and vertical jump 
performance in both the exercised and non-exercised limbs. 
 
I recruited fifteen female Division I athletes for the study: ten volleyball players and five 
basketball players. Participants visited the Robert Kertzer Exercise Science Laboratory in New 
Hampshire Hall for a familiarization visit and a testing visit, each ninety minutes for a total of 
three hours of participation. Subjects were instructed to avoid exercise, alcohol, and caffeine 
twenty-four hours before their visits. 

Visit 1: Familiarization 

Each subject read and completed the informed 
consent, a Physical Activity Readiness 
Questionnaire, and a sport and health history 
survey. I measured the subject’s height and 
weight and familiarized them with movements 
that would be performed during the testing visit: 
single- and double-leg vertical jumps using a 
Vertec, maximal voluntary contractions to test the 
strength (force production) of the knee extension 
(quadriceps) and knee flexion (hamstrings) 
movements on an isokinetic dynamometer, and 
ten repetitions of the fatigue protocol described 
below for practice. 

 
 

Subject seated in the isokinetic dynamometer. Knee extension occurs when the subject pushes their leg up against the pad, 
whereas knee flexion occurs when the subject pulls their leg back towards the chair. 

Visit 2: Testing 

Each subject’s height and weight were measured again, and their body composition was 
assessed using the InBody machine to determine percent body fat and muscle mass. I 
assessed pre-measurements of vertical jumps using the Vertec. First, I measured each 
participant’s standing reach height by asking them to extend their hand as high as possible 
and line it up with markers on the apparatus. Then they jumped as high as possible while 
using their hand to push away the markers, and the difference between their maximum jump 
height and standing reach height was recorded as their vertical jump. Each participant 
performed three different jumps: exercised single-leg, non-exercised single-leg, and double-
leg. To allow assessment of pre-measurements of muscle strength, participants performed 
three to five maximal voluntary contractions for both knee extension and knee flexion on each 
leg. Pre-measurements are shown in Figure 1. 
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Figure 1. Demographics and pretest values of female volleyball and basketball players presented as means and standard 

deviations. Maximal voluntary contractions (MVCs) were measured in units of torque, or rotational force (N-m).  

Preliminary Findings 

Data was analyzed using repeated measures of analysis of variance (ANOVA) and paired 
samples t-tests. Vertical jump performance significantly decreased from pre- to immediately 
post-fatigue protocol 
(Figure 2). As anticipated, 
in the leg that performed 
the fatigue protocol, both 
knee extension and knee 
flexion maximal voluntary 
contractions were 
significantly lower 
immediately and 15 
minutes post-exercise 
(Figure 3), indicating that 
there was fatigue of the 
quadriceps and hamstrings 
following the protocol and 
the muscles were not 
recovered after 15 minutes. 
 
Surprisingly, in the non-exercised leg, knee extension maximal voluntary contraction force 
actually significantly increased from pre- to immediately post-fatigue protocol (Figure 3). The 
finding of increased force production in the non-exercised leg after the fatigue protocol is a 
noteworthy discovery that may challenge the existing literature, which has most frequently 
found either decreased force production or no change in the non-exercised leg (3). 

 
 
 

Figure 2. Mean (+/-S.D.) vertical jump height for jumps on the exercised leg, non-
exercised leg, and double-leg at: pre-, immediately post-, and 15-minutes post-

fatigue protocol. *Denotes significant difference from pre-fatigue protocol.  
 

https://www.unh.edu/inquiryjournal/sites/default/files/media/2023-11/kaufmann_inquiry-figure-1-table.png
https://www.unh.edu/inquiryjournal/sites/default/files/media/2023-11/kaufmann_inquiry-figure-2-vjs.png
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Interestingly, there is only 
one known study among 
crossover fatigue literature 
that also found increased 
force production in the non-
exercised leg (4); however, 
the authors simply attributed 
this to a lack of warm-up or 
familiarization protocol. Our 
study, in which a thorough 
familiarization protocol was 
implemented, challenges the 
rationale of the Strang et al. 
(4) study and warrants further 
investigation. These findings may be 
attributed to each half of the motor 
cortex of the brain controlling one 
side of the body. During unilateral 
exercise, studies have shown activation of both halves of the motor cortex, which may excite 
the muscles of the resting limb (5) and contribute to increased force production of the non-
exercised leg after the fatigue protocol. 

Significance 

This study provides insight into how fatigue affects both exercised and non-exercised 
muscles, which is especially important to coaches and strength and conditioning 
professionals for effective practice and program design. Implementing a study population of 
volleyball and basketball players combined with the testing measure of both single- and 
double-leg vertical jumps, which are major movements in these sports, provided an 
applicable, sport-specific research approach. By observing fatigue under both exercised and 
non-exercised conditions, this study provides insight into the mechanisms of fatigue and 
works to bridge the gender disparity in the literature by adding to the sparse body of research 
on crossover fatigue in female subjects. 
 
Working with human subjects gave me a better understanding of the importance of 
consistency with explanation, procedures, and instruction. It also taught me to be a more 
empathetic researcher and person, from subject considerations during the institutional 
review board (IRB) application to encouraging subjects through the discomfort of the fatigue 
protocol. Currently, I am in the process of writing my senior Honors thesis. I am excited to 
finish this project, present my research at the Undergraduate Research Conference and 

Figure 3. Mean (+/- S.E.) torque of knee extension (KE) and knee 
flexion (KF) in the exercised and non-exercised legs over three time 

points: pre-, immediately post-, and 15-minutes post-fatigue 
protocol. *Denotes significant difference from pre-fatigue protocol. 
 

https://www.unh.edu/inquiryjournal/sites/default/files/media/2023-11/kaufmann_inquiry-figure-3-mvcs.png
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Grimes Competition in the spring, and submit a manuscript for publication in a peer-reviewed 
journal.  
  
I would like to extend a huge thank you to my mentor, Dr. Cook, not only for all her help with this 
project, but for always encouraging me and challenging me as a student, researcher, and 
person. Thank you to all students who helped with data collection this summer: Owen Daigle, 
Gabe Dennett, Mackenzie Cook, and Amanda Ares. I would also like to thank the Hamel Center 
for Undergraduate Research and Mr. Dana Hamel for funding this project. Lastly, thank you to all 
participants in this study. 
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