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Abstract:

This study compared the kinetic and kinematic variables measured by a three-dimensional markerless
motion capture system (MCS) to identify alterations in lower-extremity performance following vertical jump
(VJ) and sprint anaerobic fatiguing tasks. Eleven females (X#SD; 20.8+1.1 years, 72.2+7.4 cm, 68.0£7.2
kg) and eleven males (23.0£2.6 years., 180.3+4.8 cm, 80.4+7.3 kg) volunteered to participate in the present
investigation. Participants were screened using the Functional Motion Analysis (FMA) protocol, consisting of
19 full-body motions, from which algorithm-derived scores were calculated [i.e. composite, power, functional
strength, dysfunction, vulnerability, and exercise readiness score (ERS)] pre- and post-fatiguing tests. Each
participant completed one familiarization session and three randomized acute fatiguing protocols [i.e. control,
repeated vertical jump test (RVIT), 25-second resisted sprint test]. The repeated measures MANOVA indicated
a statistically significant three-way interaction (score x condition x time). Follow-up analyses indicated
differences between pre- and post-tests in composite score (1556.43+£307.8; 1368.00+264.62), power score
(813.34+242.39; 687.32+164.83), and ERS (18.1624.75; 16.02+3.54) during the RVIT experimental sessions,
respectively. The FMA scores suggested decrements in performance are first observed in the decreases
in power production during high velocity movements (i.e., RVITs), and the viability of a MCS to evaluate
biomechanical alterations following fatiguing tasks.
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Introduction
Technology and motion capture systems

forces (GRF) produced. Markerless MCS quanti-
fies the kinetic and kinematic movements of body

(MCS) have experienced growth over the past few
decades. These improvements have led to analytical
tools that allow detailed analyses of the counter-
movement vertical jump (CMV]J), and to deter-
mine the vertical displacement of the center of
mass (COM) (Feltner, Bishop, and Perez, , 2004;
Feltner, Fraschetti, and Crisp,, 1999; Hara, Shiba-
yama, Takashita, Hay, and Fukashiro, 2008; Lees,
Vanrenterghem, and Clercq, 2004). These devices
have been used to assess an individual’s upper- and
lower-body motions, both explosive and functional
in nature. Furthermore, a MCS allows derivation
of the individual joint torques and ground reaction

segments and joints that influence the forces gener-
ated, and the enhancement of performance during
a CMVJ with an arm swing (Fry, Herda, Sterc-
zala, Cooper, and Andre, 2016; Mosier, Fry, and
Lane, 2019; Perrott, Pizzari, Cook, and McClelland,
2017), or biomechanical alterations following anaer-
obic fatiguing tasks (i.e. vertical jump and resisted
sprints) (Mosier, 2018). For example, Cabarkapa,
Fry, and Mosier, (2020) reported strong agreement
in peak force and power for a basketball dunking
motion between markerless MCS and a uni-axial
force plate as a criterion measure. These advance-
ments in MCS and screening protocols can be used
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to identify athletes at risk when performing various
types of sport-specific movements. One published
study by Mosier, Fry, Moodie, Moodie, and Nicoll,
(2018) demonstrated the capability of a marker-
less MCS of identifying high-risk for non-contact
season-ending injuries among American football
athletes.

There are a wide variety of anaerobic tests that
incorporate different modes of exercise or movement
patterns, which also vary in duration, in order to test
the anaerobic capacity of athletes. Repeated jumps
and sprinting protocols are becoming more prev-
alent for assessing athletes’ anaerobic power and
capacity. The Bosco test is a popular test consisting
of repeated-jumps, in which an athlete performs
continuous vertical jumps (VJ) for a specific dura-
tion (typically 60 sec) (Bosco, Luhtanen, and Komi,
1983; McNeal, Sands, and Stone, 2010). The jump
test was reported to be suitable to evaluate the
power output of leg extensor muscle during natural
motion (Bosco, et al., 1983). Currently, the Wingate
anaerobic test on a cycle ergometer is the most used
and reported anaerobic performance test (Bar-
Or, 1987; Inbar, Bar-Or, Skinner, 1996; McLain,
Wright, Camic, Kovacs, Hegge, and Brice, 2015).
However, several sports that incorporate running
may result in a more accurate anaerobic perfor-
mance test assessment. McLain et al. (2015) indi-
cated the non-motorized treadmill (NMT) (typi-
cally 25 sec with resistance of 18% of body weight)
offers a suitable tool for the assessment of all-out
sprint performance. Providing an athlete with the
ability to exert peak anaerobic power and measure
anaerobic capacity.

Athletes often become fatigued during athletic
events and anaerobic or aerobic performance assess-
ments. With the onset of athletic fatigue, reaction
times to external stimuli are delayed and injuries
are more likely to occur (Chappell, et al., 2005).
Fatigue is an intrinsic factor affecting the muscu-
loskeletal and neurological systems (Benjaminse,
et al., 2008; Chappell, et al., 2005). The system of
fatigue can create an environment that increases
the risk of non-contact injuries or more specifically
anterior cruciate ligament (ACL) injuries by altering
the lower extremity loading and landing strategies.
ACL injuries are among the most common knee
injuries observed in athletes (Agel, Olsen, Dick,
Arendt, Marshall, and Sikka, 2007; Arendt, Agel,
and Dick, 1999; Dick, Putukian, Agel, Evans,
and Marshall, 2007; Mihata, Beutler, and Boden,
2006). Non-contact ACL injuries are common in
team sports such as soccer, basketball, field hockey,
and volleyball (Agel, et al., 2007; Arendt, et al.,
1999; Dick, et al., 2007; Mihata, et al., 2006). As
a result of the explosive and high fatiguing nature
of these team sports, the muscular performance is
notably impacted. The result of fatigue has been
reported to decrease motor control performance

(Johnston 3", Howard, Cawley, and Losse, 1998;
Wojtys, Wylie, and Huston, 1996), increase knee
joint laxity (Rozzi, Lephart, & Fu, 1999; Skinner,
Whyatt, Stone, Hodgdon, and Barrack, 1986; Wojtys,
et al., 1996), decrease balance skill (Johnston 3,
et al., 1998), and decrease proprioception (Hiem-
stra, Lo, and Fowler, 2001; Lattanzio & Petrella,
1998; Lattanizio, Petrella, Sproule, and Fowler,
1997; Miura, et al., 2004; Rozzi, et al., 1999). With
the onset of fatigue, the capacity of muscle fibers
to absorb energy decrease, and neuromuscular
function alters, which has been shown to increase
anterior tibial transition (Rozzi, Lephart, Gear, and
Fu, 1999; Skinner, Wyatt, Hodgdon, Conard, and
Barrack, 1986). These effects indicate a decreased
capacity for controlling body movement and may
indicate fatigue as a contributor to non-contact
ACL injuries (Benjaminse, et al., 2008; Hiem-
stra, et al., 2001; Nyland, Shapiro, Caborn, Nitz,
and Malone, 1997; Rodacki, Fowler, and Bennett,
2001). Chappell et al. (2005) suggested that vertical
jump and sprint fatiguing protocols caused subjects
to land with increased proximal tibia peak ante-
rior shear force and decreased knee flexion at the
time that peak anterior sheer force occurs (Pappas,
Scheikhzadeh, Hagins, and Nordin, 2007). Simi-
larly, muscle fatigue has been shown to alter the
lower extremity biomechanics of healthy indi-
viduals (Nyland, et al., 1997; Pinniger, Steele,
and Groeller, 2000). Madigan and Pidcoe (2003)
assessed the effects of lower extremity muscle
fatigue on drop-landing biomechanics and docu-
mented an increase in performance at the hip to
compensate for the weakness created in the thigh
muscles. Furthermore, Bishop et al. (2022) recently
reported the usage of countermovement vertical
jump for performance assessments, monitoring of
neuromuscular fatigue, and a part of a test battery
for return to performance among injured athletes.
Further evaluation of the biomechanical changes
during performances will give future insight into
how fatigue can be rated and how to prevent fatigue-
related injuries.

Therefore, the aim of the present study was to
examine the acute total-body biomechanical altera-
tions following vertical jump and sprint anaerobic
fatiguing tasks using functional motion analysis
(FMA) screening scores. It was hypothesized that
an innovative three-dimensional (3D) markerless
MCS would detect and determine biomechanical
alterations following fatiguing tasks. In addition,
it was also hypothesized that both the VJ fatiguing
and spring fatiguing tasks would cause acute biome-
chanical alterations specifically to the lower-body
extremities. Understanding acute total-body biome-
chanical fatigue may further provide information
for understanding when an athlete begins altering
mechanics to sustain performance.
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Methods

Study sample

_ Eleven healthy, recreationally active females
(X£SD); age=20.8+1.1 years, height=172.24+7.4
cm, body mass=68.0+7.2 kg), and eleven healthy,
recreationally active males (age=23.0+2.6 years,
height=180.3+4.8 cm, body mass=80.4+7.3 kg)
volunteered to participate in the present investiga-
tion.

All participants were physically active for a
minimum of one hour for three days a week for
at least the preceding three months. None of the
participants reported a history of current or prior
neuromuscular diseases or musculoskeletal injuries
specific to the ankle, knee, or hip joints. Participants
demonstrated functional range of motion in hip,
knee, ankle, and shoulder joints without limiting
mechanical motion and performance during squats,
VJ, and running tasks. This study was approved
by the University’s institutional review board for
human subjects’ research. Each subject read and
signed an informed consent form and completed a
health history questionnaire prior to participating.

Study design

Each participant visited the laboratory four
times: for one familiarization session, one control
session, and two experimental sessions. The famil-
iarization consisted of informed consents signing,
VJ and sprint screening, a warm-up protocol, prac-
tice low intensity fatiguing protocols, and comple-
tion of the FMA. During the experimental session,
participants completed a 10-min standardized
warm-up protocol followed by performing the pre-
test FMA, starting with the jump motions, followed
by the squat motions, and then the remaining
motions. The participants preformed one of the
three randomized acute anaerobic fatiguing proto-
cols [i.e. control session, repeated vertical jump test
(RVIJT), 25-second sprint test] followed by the post-
test FMA (Figure 1). Each participant completed
one session per week at the same time of day. The
laboratory temperature (24-28°C) and humidity
(38-42%) remained within a consistent range.

Functional motion analysis (FMA)

The FMA is a collection of 19 different motions
to assess an individual’s upper extremity and
lower extremity functioning using the 3D mark-
erless MCS. The motions include shoulder ranges
of motion (ROM) (i.e., shoulder abduction and

Warm-Up  Pre-FMA  Pre-Lactate
| | |

Fatigue Task

adduction, shoulder horizontal abduction, shoulder
internal and external rotation, shoulder flexion and
extension), trunk rotation, bilateral overhead squat,
right and left leg unilateral squat, right and left leg
lunge, right and left leg 20-sec balance test, bilateral
CMV], right and left unilateral CM'V], concentric
VI, five right leg and five left leg VJs, and depth
jump. All nineteen motions are incorporated into
the FMA report. Cabarkapa, D., Cabarkapa, D.V.,,
Philipp, Downey, and Fry, (2022) recently examined
the reliability of FMA scores and determined good
to excellent reliability across multiple sessions (i.e.,
two sets of three FMA separated one week apart;
six in total).

The motions that were believed to be most
affected by the acute fatigue were tested first;
thus, the jump motions first, followed by the squat
motions, and the remaining motions. The order of
the FMA during the experimental sessions was the
following: bilateral CMVJ, right and left unilateral
CMVJ, concentric VJ, five right leg and five left
leg VJs, and depth jump, bilateral overhead squat,
right and left leg unilateral squat, right and left
leg lunge, right and left leg 20-sec balance test,
shoulder abduction and adduction, shoulder hori-
zonal abduction, shoulder internal and external
rotation, shoulder flexion and extension, and trunk
rotation.

Functional motion analysis scores

The nineteen motions of the FM A were used to
calculate six different performance scores focusing
on certain movement variables. These scores were:
the composite score, power score, strength score,
dysfunction score, exercise readiness score, and
vulnerability score. The composite score is a
cumulative score based on the overall performance
(power score + functional strength score — dysfunc-
tion score). The power score consists of data from
jump heights and is an aggregate of all the jump
performances. The functional strength score is the
accumulation of squat depths and is an aggregate
of all the squat performances. The dysfunction
score consists of asymmetries (upper limb, lower
limb, and trunk), knee valgus, lower limb kinetic
chaining, and balance performances. The exercise
readiness score (ERS) is a scale that depicts the
level of training and readiness. The score consists of
three factors: rebalance, development, and optimi-
zation. The rebalance phase is a range from removal
of compensations towards biomechanical symmetry
between the right and left upper and lower extremi-
ties. All consisting of unilateral forces, joint flex-

Post-Lactate Post-FMA
| | |

I

2.5 min

Figure 1. The timeline that was conducted for the experimental sessions [repeated vertical jump test (RVJT), sprint, control].
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ions, and joint torques. The development phase
is the evaluation of an individual’s biomechanics
towards kinetic and kinematic symmetry. The opti-
mization phase is the maintenance of an individ-
ual’s biomechanics and displaying peak perfor-
mance mechanics. The vulnerability score is the
aggregate of all performance, including stresses
(consisting of unilateral high forces, joint flex-
ions and joint torques), and compensation patterns
(overuse of dominant side or limited usage due to
history of an injury). This score is presented as
a percentage of 0-100%. Cabarkapa, Caparkapa,
et al., (2022) reported no statistically significant
differences between algorithm based FMA scores
from the markerless MCS indicating good to excel-
lent reliability. Excellent reliability measurements
were reported for readiness scores, good-to-excel-
lent for functional strength and power scores, and
moderate-to-excellent for dysfunction (Cabarkapa,
Cabarkapa, et al., 2022). Indicated the usage of the
markerless MCS for the assessment of various types
of biomechanical parameters.

Acute fatigue protocols

Warm-up protocol. Each participant was
instructed through a 10-min dynamic warm-up at
the beginning of each experimental session. The
warm-up consisted, in the order, of ten quadriceps
pull to single leg Romanian deadlift reaches, ten
tin soldiers, ten figure fours, ten walking lunges
with a T-spine, five inchworms, forward skips with
forward arm circles, backward skips with backward
arm circles, forward skips with hip internal rotation,
backward skips with hip external rotation, A-skips,
A-skips to squat, and ten body-weight squats.

Control session. Each participant was instructed
to sit for 15 min. The FM A was completed before the
rest period in order of the jump motions, followed
by squat motions, and remaining FMA motions.
The FMA was completed by the blood samples
taking, which were collected for lactate determi-
nation pre- and 2.5-min post-control period. Heart
rate was collected with the chest strap (Polar FT1,
Bethpage, NY, USA) throughout the entire session.

Repeated vertical jump test. During the
repeated vertical jump test (RVJT), the participant
was instructed to bend the knee to about 90 degrees
and jump explosively, then repeat immediately on
landing for one set (15 sec jumping, 15 sec rest, 15
sec jumping, 15 sec rest) lasting one minute in dura-
tion. Each participant completed five sets (5 min).
The FMA was completed before the RVIT. This
fatigue test was determined based on accumulated
blood lactate responses during pilot investigation
completed in our laboratory. Investigations during
pilot testing comparing RVJT and Bosco 60-sec
jump test resulted in greater blood lactate concen-
trations and post heart rate for RVJT. Heart rate
was collected throughout the entire experimental

sessions; however, heart rate was only reported pre-
and post-test.

25-second sprint test. Each participant was
attached to the resistive harness of a NMT
(Woodway Force 3.0 treadmill, Waukesha, WI,
USA), which was set to a resistance equal to 18% of
the participant’s body weight. Participants carried
out a 25-sec maximal sprint on the Woodway
NMT treadmill (McLain, et al., 2015). Heart rate
was collected throughout the entire experimental
sessions; however, heart rate was only reported pre-
and post-test.

Blood samples

Each participant was given three minimal blood
samples (approximately one drop) at each testing
session (baseline, pre, and post) by way of a lancet
finger stick. Fingertip samples were collected into
a lactate testing strip for analysis via a Lactate Plus
handheld blood lactate analyzer (Nova Biomed-
ical, Waltham, MA, USA). Baseline samples were
collected following the warm-up protocol imme-
diately prior to the pre-FMA. In addition, samples
were collected before the randomized experimental
and 2.5-min post experimental tests before the post-
test FMA.

Heart rate

Heart rate was collected with a chest monitor
strap (Polar FT7, Polar Electro Inc., Bethpage,
NY). Heart rate was collected throughout the
entire experimental sessions; however, it was only
reported pre-test and immediately post-test.

Performance tests

Motion capture device. During each FMA
motion performance, the kinetic and kinematic
variables were collected and analyzed using the
DARI (DARI Motion, Overland Park, KS, USA)
3D markerless MCS system. Anthropometric esti-
mates (Winter, 1990) were used to estimate the
segmental center of mass (COM)s. In addition,
full-body GRFs and extremity joint kinematics
were assessed. The 3D MCS has been shown to
validly measure full-body and segmental kinetics
and kinematics without a force plate or video, thus
providing accurate performance measures (Fry, et
al., 2016; Perrott, et al., 2017). In addition, MCS has
been used to determine the contribution of the upper
extremities during a CMVJ (Mosier, et al., 2019),
and moderate-to-strong correlations were reported
between FMA scores (i.e., readiness, functional
strength, power) and traditional health-related phys-
ical fitness parameters such as estimated VO,,,,, and
body fat percentage (Cabarkapa, Whetstone, et al.,
2022). Body fat percentage showed a weak posi-
tive correlation with vulnerability and moderate-
to-strong positive correlation with ERS, power,
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and functional strength scores. VO,,,,, showed a
weak negative correlation with vulnerability and
moderate-to-strong positive correlation with ERS,
power, and functional strength scores, thus further
indicating that MCS performance scores may be
used as a non-invasive testing alternative or in
conjunction with currently implemented traditional
testing modalities (Cabarkapa, Whetstone, et al.,
2022).

Force plate device. During each squat and jump
motions, the kinetic variables were collected and
analyzed using a uni-axial force plate (Rice Lake
Weighing Systems, Rice Lake, WI, USA) through
a data acquisition system (Biopac MP 150 System,
Goleta, CA, USA) sampling at 1000 Hz to monitor
the GRF. In addition, the RVJT was collected and
analyzed to determine flight time and positive
impulse with a sampling rate of 1000 Hz.

Non-motorized treadmill. During the 25-sec
sprint test, the kinetic variables were collected on
the NMT (Woodway Force 3.0 treadmill, Waukesha,
WI, USA), which was set to a resistance equal to
18% of the participant’s body weight (McLain, et
al., 2015).

Statistical analyses

Statistical analyses were conducted for the
performance measures with a factorial repeated
measures MANOVA using the FMA scores
(composite score, power score, functional strength
score, dysfunction score, exercise readiness score,
and vulnerability score) x conditions (RVIJT, sprint,
CON) x time (pre-test, post-test) x sex (females,
males). A Pearson correlation matrix was used to
compare the relationship between each of the FMA

scores during the familiarization session. Two sepa-
rate 2-way repeated measures (RM) ANOVAs were
used to examine the differences in HR [condition
(RVIT, sprint, CON) x time (pre-test, post-test)]
and in accumulated blood lactate [condition (RVJT,
sprint, CON) x time (pre-test, 2.5-min post-test)].
Paired samples #-tests were used to examine the
differences in flight times and positive impulses of
the second jump of set one and last jump of set
five during the RVJT. These VJs were selected to
include the VJ rebound and the next CMVJ. Post-
hoc comparisons were conducted when needed
using the Bonferroni correction. The level of signif-
icance was set a priori at (p<.05) for the statistical
tests. Statistical analyses were performed using
SPSS 24 (IBM Corporation, Amonk, New York,
USA) and Microsoft Excel 2016 (Microsoft Corpo-
ration, Redmond, WA, USA).

Results

Table 1 lists the descriptive statistics (mean and
standard deviations; (X+ SD) and pre- and post-
test significance levels for the FMA scores for each
pre-test and post-test during each condition. The
Pearson correlations matrix (Table 2) indicated
moderate to strong correlations between the FMA
scores, indicating the scores should be analyzed via
a MANOVA (score x condition x time x sex). The
MANOVA indicated a three-way interaction (score
x condition x time) (p=.01). Follow-up analyses indi-
cated significant differences between pre-and post-
tests for the composite score (p<.01), power score
(p<.01), and ERS (p<.01) during the RVJT experi-
mental sessions.

Table 1. Reporting Motion Capture System (MCS) composite, power, functional strength, dysfunction, vulnerability, and exercise
readiness scores in the pre- and post-test during the repeated vertical jump (RVJT), spring, and control (CON) experimental sessions

i . Functional Dysfunction  Vulnerability Exercise
Condition Sex MCS composite Power score strength score score readiness
score score
F 1387.2 £ 184.6 665.6 + 86.0 830.6 +97.4 108.8 +48.8 40.9+10.1 16.0+2.3
Pre-RVIT M 1839.2 + 159.41 1015.3 + 132.0t 949.7 £ 83.1% 126.0 £ 32.3 37.0+8.0 21.7 +2.3%
F 1217.9 + 166.9* 585.5+45.1 779.2+113.0 146.7 £ 60.8 46.7 £ 11.0 13.8 + 1.6*
FostRVIT M 1518.1 £ 264.1*t 789.2 +173.6*t 883.6+101.8*t 163.7+73.5 42.6 +13.4 18.2 £ 3.6%t
) F 1414.8 £ 2121 691.1+95.4 840.5+101.5 116.7 £ 371 39.9+71 16.4+£2.2
Pre-sprint M 1804.0 + 143.01 999.0 + 126.1t 928.3 +107.4 123.2 + 56.6 37.6 +9.1 21.0+ 2.3t
) F 1365.9 + 1701 633.8 £82.2 838.6 +85.4 164.5 + 203.2 416+73 15.4+£1.9
Post-sprint M 1662.8 + 221.9t 889.9 + 155.2*t 907.4 + 114.8 131.6 £ 48.0 37.8+10.9 20.2 £ 2.8t
F 1387.3 £ 21041 655.3 £ 106.3 834.6 +85.4 102.6 + 44.5 40.6£9.0 15.7+2.6
Pre- CON M 1799.7 + 145.6F 965.1 + 138.21  948.7£100.4t 114.2+51.9 374 +10.2 21.3+2.2¢t
Post.CON F 1354.7 £ 210.1 643.5 £ 1211 823.9+100.4 112.5+46.7 411+8.7 15.3+2.9
M 1676.4 + 276.91 918.0 + 160.21 806.1 + 307.5 126.5 £ 51.3 39.0+14.3 20.1 + 3.5t

Note. Mean * SD for reported scores for females (F) and males (M). MANOVA indicates significant differences between score x
condition x time (p<.01). * indicates significant differences between the pre- to post-FMA tests. T indicates significant differences

between females and males (p<.05).
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Table 2. Pearson correlation matrix among the reported performance scores during the familiarization session

Functional Dysfunction Vulnerability Exercise
Power score .
strength score score score readiness score
MCS composite score 0.90* 0.78* -0.41 -0.26 0.92*
Power score ---- 0.47* -0.12 -0.18 0.89*
Functional strength score ——-- - -0.39 -0.42 0.64*
Dysfunction score ——-- - - 0.64* -0.33

-0.47*

Exercise readiness score —

Vulnerability score ——-- —--- - ----

Note. n=22; *correlation indicates significance (p<.05)

Table 3. Heart rate and accumulated blood lactate changes during multiple time points throughout the repeated vertical jump test
(RVJIT), sprint, and control (CON) sessions

Heart rate (bpm) Accumulated lactate (mmol/L)

Condition Sex Pre-test Post-test Pre-test 2.5 min post-test
RVJT F 80.9+15.5 183.9 £ 12.8*t 26+17 11.2 £ 2.4t

M 69.9+10.5 171.2 £ 23.9*t 2112 13.6 + 1.8*t
Sprint F 79.3+18.9 168.5 + 30.8*t 25+16 10.7 £ 2.0*t

M 75.1+10.0 176.6 + 8.8*t 3.3+3.0 14.8 + 3.0*t
CON F 75.4+18.9 747 +6.4 1.7+0.5 31+29

M 81.6+17.0 86.7+£11.9 3.2+25 23+22

Note. Heart rate and change in accumulated blood lactate for females (F) and males (M). * indicates significant differences between
the pre- to post-test, T indicates significant differences from the control (p<.05).

Table 4. Vertical jump performances X+ SD for females (F) and males (M) during the repeated vertical jump test (RVJT) during
the first and jumping last set

Set 1 Set5

Jump 2 of Set 1 Last jump of Set 5

Flight time Positive Flight time Positive Change in Change
Sex # of jumps g(ms) impulse # of jumps g(ms) impulse flight time in positive
(N-sec) (N-sec) (%) impulse (%)
F 13.0+1.0 0.4+041 250.0 +48.5 13.0+1.0 0.3+0.0* 161.5+52.8* -33.7+127 -33.8+204
M 14.0+1.0 0.5+0.0 381.4 +£46.5 13.0+1.0 0.3+0.1* 2041 +£80.5* -41.8+9.7 -46.2 +20.6

Note. Females (F), Males (M). * indicates significant differences between set 1 and set 5, (p<.05). Change in flight time and positive
impulse during the selected vertical jump.

Table 5. Sprint performance X+SD of females (F) and males (M) during the 25-sec non-motorized resisted sprint test

Mean Peak

Sex Distance Mean sum Mean power Peak power Change in velocity velocity Chan.ge in
(m) force (N) (W) (W) power (%) (mls) (mls) velocity (%)

F 70.2+75 1554+159 4004 +76.2 15771+316.4 -474+12.2 2.8+0.3 3.5+0.5 -24.3+6.8

M 947+8.0 190.2+171 716.3+114.7 2825.2+439.9 -66.2+11.0 3.8+0.3 51+0.6 -33.9+10.8

Note. Mean sum force is the sum of horizontal and vertical forces; mean power and mean velocity is the average across the 25-sec
sprint; peak power and peak velocity is the maximum value across the 25-sec sprint; change in power and change in velocity is the
difference between the maximum peak to the last foot stride peak represented as a percent.

Table 3 lists the HR during the pre- and post-
tests, and accumulated blood lactate during the pre-
test and 2.5-min post-tests. A 2-way ANOVA indi-
cated a significant interaction for HR (condition
x time) (p<.01). Follow-up analysis indicated the
post-test HR was significantly greater than the pre-

tests (p<.01). Furthermore, the RVJT (p<.01) and
sprint (p<.01) conditions were significantly greater
compared to the CON during the post-tests. In addi-
tion, a 2-way RM ANOVA indicated a significant
interaction for accumulated blood lactate (condi-
tion x time) (p<.01) (Table 3). Follow-up analysis
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indicated post-test lactate accumulation was signifi-
cantly greater compared to the pre-tests (p<.01), and
the RVJT and sprint conditions were significantly
greater than the CON (p<.01).

Table 4 lists the number of jumps, flight time,
and positive impulseof set one and set five during
the RVIT. The paired samples #-tests indicated the
flight time (p<.01) and positive impulse (p<.01)
during the last vertical jump during set five were
significantly less than the second jump of set one for
both males and females (Table 4). Table 5 lists the
force, velocity, and power during the 25-sec NMT
treadmill sprint tests. The reduction in the FMA
performance scores (pre-test vs. post-test) indicated
females and males exhibited a reduction in power
and velocity following the sprint test. Table 6 lists
the fatigue rates for each FMA score per condi-
tion. The fatigue scores indicated the greatest reduc-
tion in the composite score, power score, and ERS,
during the RVJT session.

Discussion and Conclusion

The notion that fatigue is a predisposing factor
responsible for the increased number of musculo-
skeletal injuries is common in sports indicating the
importance of pre-exercise screening and onset of
fatigue screening in athletes. The current investi-
gation determined that an innovative 3D MCS was
capable of detecting acute lower-body biomechan-
ical changes due to acute fatigue. The MANOVA
indicated a three-way interaction (score x condition
x time) (p=.01). Further analysis of the FM A scores
indicated alterations of performance occurred
following the RVJT. The significant decrease in
the power score can account for the reduction in
the composite score due to the calculation of the
composite score (composite score = power score +
functional strength score — dysfunction score). In
addition, the power score is an aggregate of the VJ
measurements. As a result, the bilateral CMVJ VJH
decreased five centimeters from pre- to post-RVJT
[pre-RVIJT (48.5+15.0 cm), post-RVIJT (43.2+9.4
cm)]. Further examination can account for reduc-
tion in the power score due to the decrease in the

power and velocity, as a result of the onset of fatigue
following the RVJT. This decrease in power and
velocity can further be explained by the reduc-
tion in VJH. Although significant changes were
not observed for the functional strength scores,
this can be explained by the measurements of the
score which is an aggregate of all squat and lower-
limb motions. Although there was an onset of
muscle fatigue, the squat motion mechanics were
not affected by the fatiguing tasks. The differ-
ences in the power and functional strength scores
further indicate that high power and velocity move-
ments are the first to falter and are most suscep-
tible to fatigue. Fry et al. (1994) has indicated that
strength is maintained unless the fatigue stimulus
is extended for a longer duration. The significant
decrease in the ERS following the RVJT indicates
a change in one of the three categories (rebalance,
develop, optimization) used in determining ERS.
It is speculated the decrease in ERS is a result of
the decrease in the optimization score due to the
acute decrease in the velocity and power perfor-
mance. The optimization score is the performance
phase in which individuals can display the founda-
tion of simple and complex mechanics by providing
maintenance of biomechanics and displaying peak
performance.

There were no changes in either the vulner-
ability score or the dysfunction score further
suggesting that these measures are more stable
scores. Furthermore, the acute RVJT fatigue did not
significantly affect the asymmetry, kinetic chaining,
compensation, or balance performances. The 4-way
MANOVA did not report an interaction for sex.
Further examination indicated that, although the
performance scores varied between sex, males and
females responded in a similar manner from pre-
to post-tests.

The FMA fatigue rates (comparison of pre-test
versus post-test mean scores) indicate the greatest
reduction in performance among the FMA scores
from pre- to post-test for each condition (Table 6).
The greatest decrease in performance was indicated
by the composite score, power score, and ERS.

Table 6. Reported the fatigue rates X+ SD for the MCS composite, power, functional strength, dysfunction, vulnerability, and
exercise readiness scores during the repeated vertical jump (RVJT), sprint, and control (CON) experimental session

MCS Power Functional Dysfunction Vulnerabilit Exercise
Condition Sex composite strength y y readiness
score score score
score score score

RVJT F -11.9+ 8.1 -11.40+£ 9.2 -6.2+8.3 57.9 £96.7 17.2+23.4 -12.6+8.9
M -17.7 £ 101 -22.7 1141 -7.0+5.6 46.0+94.4 214 +474 -16.2+11.8

Sorint F -3.0+5.2 -8.0+72 -0.1+6.8 48.7 + 170.4 5.3+18.3 -6.0+6.3

rin

P M -7.7+£10.9 -10.6 + 13.5 -1.9+9.6 20.7 £52.0 27+239 -3.6+12.6
CON F -2.3+10.0 1.0+£17.7 -1.3+£5.5 26.6 £ 80.5 4.0+234 -21+£13.5
M -71+£11.3 -52+39 -15.1+31.6 254 +62.7 3.6+155 -6.1+10.0

Note. Fatigue rate is the difference between the pre- and post-score as a percent of mean change across participants.
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Furthermore, the greatest decrease in FM A scores
were observed during the RVJT. No changes were
observed in the dysfunction score and vulnerability
score, further indicating these are stable scores as
previously stated (Cabarkapa, Cabarkapa, et al.,
2022).

The significant increases in accumulated
lactate from pre- to 2.5-min post-test indicate that
the RVJT and resisted sprint tests involved anaer-
obic glycolytic fatigue. In addition, both acute
fatiguing tasks were significantly different from
the CON session. Similar accumulated lactate
responses for pre- to post-tests were observed for
both fatiguing sessions. Previous research has indi-
cated blood lactate reaching 15.4 mmol/L following
a Wingate test and 8.1 mmol/L following the Bosco
60-sec jump test (Bosco et al., 1983). Both meas-
urements were collected 5-min post-fatigue exer-
cise. In comparison, the RVIT post-test accumu-
lated of 12.4 mmol/L 2.5 minutes post-test indi-
cated the task was more anaerobically demanding
than what was previously reported for the Bosco
60-sec jump test due to the duration and produc-
tion of work during the fatiguing task. McLain et al.
(2015) reported accumulated lactate of 15.8 mmol/L
5 minutes following the 25-sec resistance sprint.
The current investigation reported accumulated
lactate of 14.5 mmol/L 2.5 minutes post-test. The
measurement accumulated lactate levels 2.5-min
post-fatigue test to prevent excessive recovery from
affecting the biomechanical assessment during the
post-FMA test. The time in which the blood lactate
concentration was drawn post-fatigue test occurred
before the peak blood lactate concentration (5 min)
and the duration reported (Weltman, 1995). Blood
lactate concentration collection at 2.5-min post
only prevented the collection of the peak blood
lactate concentration which would be observed at
5 minutes post exercise (Weltman, 1995). Further-
more, accumulated blood lactate indicated that these
fatigue tests still indicated similar anaerobic fatigue
responses and also suggested that these fatigue tests
were performed with maximal effort. Maximal HR
has not been reported by the Bosco jump test, RVIT,
or the resisted sprint test. It is speculated HR will
reflect elevation trends similar to the elevations in
the accumulated blood lactate.

Similar decreases were observed in perfor-
mance comparing the flight times and the positive
impulse during the repeated jump test. Previous
literature has reported that both a longer flight time
or great positive impulse have indicated a higher
VJH (Moir, 2008). Both the flight time and the
positive impulse of the 2™ V] of set one to the last
VlJ indicated a significant decrease in performance
during the RVIT. Equal numbers of VJs per set
were performed by both males and females. There-
fore, individuals spent more time on the ground
than in the air as participants fatigued, further-

more, performing the vertical jump of poor quality.
Previous literature has reported similar decreases
in velocity and power during the 25-sec sprint test
(McLain, et al., 2015). A greater fatigue rate/index
(% change) was indicated for the repeated jump
test (i.e., flight times, positive impulses) and for the
25-sec resisted sprint test (power, velocity).

The maximal efforts exerted during the acute
fatiguing tasks and the decrease in the FM A perfor-
mance indicated that both the males and females
presented an acute biomechanical fatigue. With the
onset of athletic fatigue, reaction times to external
stimuli are delayed and injuries are more likely to
occur (Chappell, et al., 2005). Fatigue increases the
risk of non-contact injuries by altering the lower
extremity takeoff and landing strategies. Daggett,
Witte, Cabarkapa, and Fry, (2022) conducted mark-
erless MCS assessments throughout an ACL recon-
struction rehabilitation protocol. The MCS provided
gradual improvements in functional strength and
ERS throughout the 3-6 months post ACL recon-
struction period (Daggett et al., 2022), further
emphasizing the importance of the individual-based
assessment of return-to-play criteria.

As previously noted, athletes often become
fatigued during athletic events and anaerobic or
aerobic performances or training, thus, further
increasing the probability of non-contact injuries.
This risk of fatigue-related injury could poten-
tially vary from a minor injury to a severe injury
(i.e., season ending injury). Such injuries are more
common in reactive team sports. As a result of
the explosive and high fatiguing nature of these
team sports, the muscular performance is notably
impacted further impacting athletes’ performance
and success during a season. Depending on the like-
lihood of an injury and its severity, this would be
affecting an athlete’s performance, training, playing
time, etc. In some cases, a higher seriousness of
an injury may result in a season/career ending.
Regardless of the significance of the injury, there
is always a concern for the recovery rate and dura-
tion of recovery. Nonetheless, recognizing athletes’
mechanical alterations in performance, which may
occur either following acute bouts of fatigue or due
to the longevity of a season, may provide further
insight into injury prevention. It also provides an
enhanced understanding of an athlete’s success and
durability during a season. Further evaluation of
the biomechanical changes during performances
will give future insight into how fatigue can be
rated, which knowledge may contribute to injury
prevention.

Biomechanical changes in motion performance
are believed to decrease shock absorption and knee
stabilization during landing. The human body is
efficient at absorbing the shock of the GRFs during
takeoff and landing of VIJs. However, if the muscu-
lature surrounding the joints are not properly devel-
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oped, maintained, or if they are fatigued, it may
lead to ligament susceptibility and a chronic limi-
tation (Brazen, Todd, Ambegaonkar, Wunderlich,
and Peterson, 2010). This presents a limitation of the
present investigation and provides one of the direc-
tions for future research (e.g., further examination
of biomechanical alterations during sport-specific
fatigue or chronic overreaching). Furthermore,
evaluation of acute biomechanical fatigue rates
may determine when an athlete is able to return to
sport following rehabilitation or developed fatigue
biomechanical alterations.

The current investigation may pose a few limi-
tations due to the population sample size and the
scope of the population in the current investiga-
tion. However, a statistical power test was calcu-
lated prior to the investigation resulting in an equal
number of males and females who meet the quali-
fications. The current experimental research is of
a randomized cross-over design, meaning that all
participants completed all conditions in a rand-
omized order. Further follow-up investigations
are needed to examine larger samples sizes and
different sample populations that would provide
further insight into biomechanical alterations based
on training status and competitive level.

In conclusion, the current findings of the present
study demonstrated the viability of the MCS test
to evaluate biomechanical alterations in perfor-

References

mance due to the acute fatigue among recreation-
ally trained males and females. Differences in FMA
scores and performances following acute fatigue
protocols indicated acute biomechanical alterations
on the lower extremities, specifically following
the RVJT. Similar fatigue indexes and physiolog-
ical responses were reported for the RVJT and the
25-sec NMT sprint test. The pre- to post-test FMA
scores indicated decrements in performance were
first observed in the decreases in power production
during high velocity movements (i.e., VJs), further
indicated by the reduction in the pre-test to post-
test vertical jump height (VJH). Further research is
needed to examine the responses of different levels
of athletes, responses to other fatiguing methods of
different intensities and durations, acute and chronic
fatigue such as during athletic seasons, and influ-
ences of fatigue on athletic performance. Further
evaluation and understanding of biomechanical
alterations during performance will provide future
insight into how fatigue can be rated, thus contrib-
uting to fatigue-related injuries prevention. Non-
invasive examination of athletic movements and
biomechanical alterations following acute fatiguing
protocols can be used to reduce injury risk. Further
advancements in MCS technology and screening
protocols may be capable of predicting increased
risk of season-ending injuries.

Agel, J., Olson, D.E., Dick, R., Arendt, E.A., Marshall, SW., & Sikka, R.S. (2007). Descriptive epidemiology of
collegiate women’s basketball injuries: National Collegiate Athletic Association Injury Surveillance System,
1988-1989 through 2003-2004. Journal of Athletic Training, 42(2), 202-210.

Arendt, E.A., Agel, J., & Dick, R. (1999). Anterior cruciate ligament injury patterns among collegiate men and women.

Journal of Athletic Training, 34(2), 86.

Bar-Or, O. (1987). The Wingate anaerobic test An update on methodology, reliability and validity. Sports Medicine,

4(6), 381-394.

Benjaminse, A., Habu, A., Sell, T.C., Abt, J.P.,, Fu, F.H., Myers, J.B., & Lephart, S.M. (2008). Fatigue alters lower
extremity kinematics during a single-leg stop-jump task. Knee Surgery, Sports Traumatology, Arthroscopy,
16(4), 400-407. https://doi.org/10.1007/s00167-007-0432-7

Bishop, C., Jordan, M., Torres-Ronda, L., Loturco, L., Harry, J., Virgile, A., Mundy, P., Turner, A., & Comfort, P. (2022).
Selecting metrics that matter: Comparing the use of the countermovement jump for performance profiling,
neuromuscular fatigue monitoring, and injury rehabilitation testing. Strength and Conditioning Journal, 45(5),

545-553. doi: 10.1519/SSC.0000000000000772

Bosco, C., Luhtanen, P., & Komi, PV. (1983). A simple method for measurement of mechanical power in jumping.
European Journal of Applied Physiology and Occupational Physiology, 50(2), 273-282. https://doi.org/10.1007/

BF00422166

Brazen, D.M., Todd, M.K., Ambegaonkar, J.P., Wunderlich, R., & Peterson, C. (2010). The effect of fatigue on landing
biomechanics in single-leg drop landings. Clinical Journal of Sport Medicine, 20(4), 286-292. doi: 10.1097/

JSM.0b013e3181e8f7dc

Cabarkapa, D., Cabarkapa, D.V., Philipp, N.M., Downey, G.G., & Fry, A.C. (2022). Repeatability of motion health
screening scores acquired from a three-dimensional markerless motion capture system. Journal of Functional
Morphology and Kinesiology, 7(3), 65. https://doi.org/10.3390/jfmk7030065

Cabarkapa, D., Fry, A.C., & Mosier, E.M. (2020). Validity of 3-D markerless motion capture system for assessing
basketball dunk kinetics—A case study. Sport Journal.

246



Mosier, E.M. etal.: THE EFFECTS OF VERTICAL JUMP AND SPRINT FATIGUE... Kinesiology 56(2024)2:238-248

Cabarkapa, D., Whetstone, J.M., Patterson, A.M., Mosier, E.M., Cabarkapa, D.V., & Fry, A.C. (2022). Relationship
between health-related physical fitness parameters and functional movement screening scores acquired from
a three-dimensional markerless motion capture system. International Journal of Environmental Research and
Public Health, 19(8), 4551. https://doi.org/10.3390/ijerph19084551

Chappell, J.D., Herman, D.C., Knight, B.S., Kirkendall, D.T., Garrett, W.E., & Yu, B. (2005). Effect of fatigue on knee
kinetics and kinematics in stop-jump tasks. American Journal of Sports Medicine, 33(7), 1022-1029. https:/
doi.org/10.1177/0363546504273047

Daggett, M.C., Witte, K.A., Cabarkapa, D., Cabarkapa, D.V., & Fry, A.C. (2022). Evidence-based data models for return-
to-play criteria after anterior cruciate ligament reconstruction. Healthcare, 10(5), 929. https://doi.org/10.3390/
healthcare10050929

Dick, R., Putukian, M., Agel, J., Evans, T.A., & Marshall, S.W. (2007). Descriptive epidemiology of collegiate women’s
soccer injuries: National Collegiate Athletic Association Injury Surveillance System, 1988—1989 through 2002—
2003. Journal of Athletic Training, 42(2), 278.

Feltner, M.E., Bishop, E.J., & Perez, C.M. (2004). Segmental and kinetic contributions in vertical jumps performed
with and without an arm swing. Research Quarterly for Exercise and Sport, 75(3), 216-230. https://doi.org/10.
1080/02701367.2004.10609155

Feltner, M.E., Fraschetti, D.J., & Crisp, R.J. (1999). Upper extremity augmentation of lower extremity kinetics
during countermovement vertical jumps. Journal of Sports Sciences, 17(6), 449-466. https:/doi.
org/10.1080/026404199365768

Fry, A., Kraemer, W., Van Borselen, F., Lynch, J., Triplett, N., Koziris, L., & Fleck, S. (1994). Catecholamine responses
to short-term high-intensity resistance exercise overtraining. Journal of Applied Physiology, 77(2), 941-946.
https://doi.org/10.1152/jappl.1994.77.2.941

Fry, A.C., Herda, T.J., Sterczala, A.J., Cooper, M.A., & Andre, M.J. (2016). Validation of a motion capture system
for deriving accurate ground reaction forces without a force plate. Big Data Analytics, 1(1), 11. https://doi.
org/10.1186/s41044-016-0008-y

Hara, M., Shibayama, A., Takeshita, D., Hay, D.C., & Fukashiro, S. (2008). A comparison of the mechanical effect
of arm swing and countermovement on the lower extremities in vertical jumping. Human Movement Science,
27(4), 636-648. https://doi.org/10.1016/j.humov.2008.04.001

Hiemstra, L.A., Lo, LK., & Fowler, P.J. (2001). Effect of fatigue on knee proprioception: implications for dynamic
stabilization. Journal of Orthopaedic and Sports Physical Therapy, 31(10), 598-605. https:/www.jospt.org/
doi/10.2519/jospt.2001.31.10.598

Inbar, O., Bar-Or, O., & Skinner, J.S. (1996). The Wingate anaerobic test. John Wiley & Sons.

Johnston 3rd, R., Howard, M.E., Cawley, PW., & Losse, G.M. (1998). Effect of lower extremity muscular fatigue
on motor control performance. Medicine and Science in Sports and Exercise, 30(12), 1703-1707. https://doi.
org/10.1097/00005768-199812000-00008

Lattanizio, P.-J., Petrella, R.J., Sproule, J.R., & Fowler, P.J. (1997). Effects of fatigue on knee proprioception. Clinical
Journal of Sport Medicine, 7(1), 22-27.

Lattanzio, P.J., & Petrella, R.J. (1998). Knee proprioception: A review of mechanisms, measurements, and implications
of muscular fatigue. Orthopedics, 21(4), 463-471. https://doi.org/10.3928/0147-7447-19980401-19

Lees, A., Vanrenterghem, J., & Clercq, D.D. (2004). Understanding how an arm swing enhances performance in the
vertical jump. Journal of Biomechanics, 37(12), 1929-1940. https://doi.org/10.1016/j.jbiomech.2004.02.021

Madigan, M.L., & Pidcoe, P.E. (2003). Changes in landing biomechanics during a fatiguing landing activity. Journal
of Electromyography and Kinesiology, 13(5), 491-498. https://doi.org/10.1016/S1050-6411(03)00037-3

McLain, T.A., Wright, G.A., Camic, C.L., Kovacs, A.J., Hegge, J.M., & Brice, G.A. (2015). Development of an anaerobic
sprint running test using a nonmotorized treadmill. The Journal of Strength and Conditioning Research, 29(8),
2197-2204. 10.1519/JSC.0000000000000854

McNeal, J.R., Sands, W.A., & Stone, M.H. (2010). Effects of fatigue on kinetic and kinematic variables during a
60-second repeated jumps test. International Journal of Sports Physiology and Performance, 5(2), 218-229.
https://doi.org/10.1123/ijspp.5.2.218

Mihata, L.C., Beutler, A.L,, & Boden, B.P. (2006). Comparing the incidence of anterior cruciate ligament injury in
collegiate lacrosse, soccer, and basketball players. The American Journal of Sports Medicine, 34(6), 899-904.
https://doi.org/10.1177/0363546505285582

Miura, K., Ishibashi, Y., Tsuda, E., Okamura, Y., Otsuka, H., & Toh, S. (2004). The effect of local and general fatigue
on knee proprioception. Arthroscopy: The Journal of Arthroscopic and Related Surgery, 20(4), 414-418. https://
doi.org/10.1016/j.arthro.2004.01.007

Moir, G.L. (2008). Three different methods of calculating vertical jump height from force platform data in men
and women. Measurement in Physical Education and Exercise Science, 12(4), 207-218. https:/doi.
org/10.1080/10913670802349766

Mosier, E.M., Fry, A. C., & Lane, M.T. (2019). Kinetic contributions of the upper limbs during counter-movement
vertical jumps with and without arm swing. Journal of Strength and Conditioning Research, 33(8), 2066-2073.
doi: 10.1519/JSC.0000000000002275

247



Mosier, E.M. etal.: THE EFFECTS OF VERTICAL JUMP AND SPRINT FATIGUE... Kinesiology 56(2024)2:238-248

Mosier, E. M. (2018). The Effects of Vertical Jump Fatigue and Sprint Fatigue on Total-Body Biomechanics (Doctoral
dissertation, University of Kansas).

Mosier, E.M., Fry, A.C., Moodie, P.G., Moodie, N.G., & Nicoll, J.X. (2018). Movement analysis via motion capture
systems help identify injury at-risk NCAA D1 football players—A preliminary study. Abstracts. Journal of
Strength and Conditioning Research 33(2):p e3-e217, February 2019. | DOI: 10.1519/JSC.0000000000002990

Nyland, J.A., Shapiro, R., Caborn, D.N., Nitz, A. J., & Malone, T.R. (1997). The effect of quadriceps femoris, hamstring,
and placebo eccentric fatigue on knee and ankle dynamics during crossover cutting. Journal of Orthopaedic
and Sports Physical Therapy, 25(3), 171-184. https://www.jospt.org/doi/10.2519/jospt.1997.25.3.171

Pappas, E., Sheikhzadeh, A., Hagins, M., & Nordin, M. (2007). The effect of gender and fatigue on the biomechanics
of bilateral landings from a jump: Peak values. Journal of Sports Science and Medicine, 6(1), 77-84.

Perrott, M.A., Pizzari, T., Cook, J., & McClelland, J.A. (2017). Comparison of lower limb and trunk kinematics between
markerless and marker-based motion capture systems. Gait and Posture, 52, 57-61. https://doi.org/10.1016/j.
gaitpost.2016.10.020

Pinniger, G.J., Steele, J.R., & Groeller, H. (2000). Does fatigue induced by repeated dynamic efforts affect hamstring
muscle function? Medicine and Science in Sports and Exercise, 32(3), 647-653.

Rodacki, A.L., Fowler, N.E., & Bennett, S.J. (2001). Multi-segment coordination: Fatigue effects. Medicine and Science
in Sports and Exercise, 33(7), 1157-1167.

Rozzi, S.L., Lephart, S.M., & Fu, F.H. (1999). Effects of muscular fatigue on knee joint laxity and neuromuscular
characteristics of male and female athletes. Journal of Athletic Training, 34(2), 106.

Rozzi, S.L., Lephart, S.M., Gear, W.S., & Fu, F.H. (1999). Knee joint laxity and neuromuscular characteristics of male
and female soccer and basketball players. The American Journal of Sports Medicine, 27(3), 312-319.

Skinner, H., Wyatt, M., Hodgdon, J., Conard, D., & Barrack, R. (1986). Effect of fatigue on joint position sense of the
knee. Journal of Orthopaedic Research, 4(1), 112-118.

Skinner, H., Wyatt, M., Stone, M., Hodgdon, J., & Barrack, R. (1986). Exercise-related knee joint laxity. The American
Journal of Sports Medicine, 14(1), 30-34.

Weltman, A. (1995). The blood lactate response to exercise. Champaign, IL: Human Kinetics.
Winter, D.A. (1990). Biomechanics and motor control of human movement. New York: John Wiley & Sons.
Woijtys, E.M., Wylie, B.B., & Huston, L.J. (1996). The effects of muscle fatigue on neuromuscular function and

anterior tibial translation in healthy knees. The American Journal of Sports Medicine, 24(5), 615-621. https://
doi.org/10.1177/036354659602400509

Submitted: January 3, 2024
Accepted: January 10, 2024
Published Online First: December 10, 2024

Correspondence to:

Eric M. Mosier, Ph.D.

Exercise Science Laboratory, Kinesiology
Department, Washburn University

Petro Allied Health Center, Room 201F
SW Mulvane St. Topeka, KS 66621
Email: eric.mosier@washburn.edu

248



