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Abstract
The Upper Body Wingate Anaerobic Test (WAnT) is widely used as an assessment tool
in sports training, rehabilitation, and exercise physiology. This test involves participants
pedalling an ergometer with their upper body against a fixed resistance for 30 seconds,
providing valuable insights into anaerobic power and capacity. In recent years, researchers
have turned their attention to understanding the influence of sex differences and relative load
on performance outcomes in this test; however, to our knowledge, no previous study describes

these differences in terms of kinetics, kinematics, and performance outcomes.

This thesis presents the results of an experiment involving 18 participants, equally
divided between males and females, to investigate the presence of significant sex-related
differences and the impact of relative load and crank position in the upper body WAnT. The
participants were recreationally active university-students, aged between 20 and 30. All
participants were familiarized with the Upper Body Wingate Anaerobic Test protocol to
minimize learning effects. Each participant performed the test at three different resistances, 3,
4, and 5% of their body weight. The primary measures recorded were crank forces, video

capture, and performance variables, including peak power, mean power, and fatigue index.

The results indicated significant differences in upper body anaerobic power between
males and females. Males exhibited higher effective force, peak, and mean power than their
female counterparts. These findings align with existing literature on sex differences in muscle
mass and hormonal profiles, contributing to upper-body muscle strength and endurance
disparities. Additionally, the study revealed that relative load substantially impacted test
performance. Participants with higher relative loads experienced a reduction in mean power;
however, this did not have the same effect for males and females. Regarding kinematics, we
identified different kinematic strategies between males and females to overcome the relative
load, with males using greater neck flexion and females using greater elbow and wrist
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extension. This suggests that the resistance applied when scaled to an individual's body weight
might not be the most accurate method to determine the relative load for males and females;
this information is essential for standardizing the test across participants of varying sizes and

developing precise exercise prescriptions based on relative load.

In conclusion, this thesis presents evidence of significant sex differences in upper body
anaerobic power and the substantial impact of relative load on the Upper Body Wingate
Anaerobic Test. These findings underscore the importance of considering sex-related
disparities and relative load adjustments when using this test for assessment and training

purposes.
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Chapter 1: Introduction

The Wingate Anaerobic Test (WAnNT) is the "gold standard" measurement of lower and upper
body power production. Since its first application in 1974, the test has been applied in healthy
and clinical populations with high reliability and validity for peak power measurement.
However, multiple factors could change the participant's performance during the test, like the

type of ergometer, age, physical condition, and sex-related differences.

The test consists of a 10-second warm-up cycling at 60 rpm with no load, followed by a 3-
second countdown where the relative load is dropped, and the participant performs a 30-second
all-out cycling. The relative load is calculated as a percentage of the individual's body weight.
Previous research has been interested in finding the optimal relative load, defined as the load
at which the person produces the higher power output; however, no previous study explored

concomitant kinetic and kinematic changes during the WAnT at different relative loads.

This study explores how the relative load can affect the forces exerted on the upper body during
the WAnNT. Since the load increases relative to body weight, the forces required to move the
upper body and perform the test increase accordingly, which could result in higher mechanical
stress on the upper body joints and muscles. Regarding kinematics, the relative load can
influence the movement patterns of the upper body. Individuals may adopt strategies to
overcome the increased load, such as altering their posture, range of motion, or movement

speed, impacting the joint angles, velocities, and accelerations during the test.

Intending to describe the effect of the relative load and the possible sex-related effects in the
kinetics and kinematics of the Wingate test, this thesis contains five chapters, each containing
various sub-sections. Chapter 1 is the introductory chapter that includes the scope of this thesis
and background information on the WAnT. Chapter 2 reviews the literature, including the

history, protocol, previous kinetic and kinematic studies, and optimal load research on the



upper body Wingate test. Chapter 4 (i.e., the manuscript) describes the methodology, including
a kinematic approach of Markerless Motion Capture Analysis and power and force production
measurements, summarizes the results and description of the effects of the relative load,
explains the conclusions gathered from this project, and gives recommendations for future

considerations when choosing the relative load of the upper body WAnT.

Purpose of the study
The primary goals of this study are to 1) describe the effect of the relative load on the kinetics

and kinematics of the upper body WAnT and 2) determine if goal 1 is sex-dependent.

Hypothesis
The three hypotheses for this study are as follows:
1. Higher relative loads will lead to higher crank forces and power production.
2. Higher relative loads will impact the upper body's kinematics, such as increased joint
angles in the upper extremity and decreased relative velocity.
3. The kinetics, kinematics, and performance during the upper body WAnT will be sex-

dependent.
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Chapter 2: Literature Review
This literature review takes a multifactorial approach to understanding the Wingate anaerobic
test (WANT). The first part of this review consists of describing the history, creation, and
variations of the test, followed by a review of the physiological mechanisms involved in muscle
power production that include understanding factors like the generation of maximum force,
rate of force development, neural coordination, activation-relaxation Kinetics, maximum

shortening velocity, fatigue resistance, and muscle oxidative capacity.

In the second part, we described the kinematic variables of the upper body WAnT, such as the
range of movement of the upper extremity, movement pattern, and the influence of the motion
path in arm cycling, as well as the available tools to measure this variable such as markerless
motion capture. Regarding Kinetics, we described the forces that interact between the
ergometer and the person when performing arm cycling. While most of the literature has
focused on the impact of different relative loads on performance measurements like peak or
mean power, fewer studies have described crank forces in arm cycling, especially during the

upper body WAnT.

The final part of this review emphasizes the relative load effect and the sex differences in upper
body power production. It is well known that anatomical and physiological factors allow men
to produce more power with their upper body than females; however, since there is no
consensus on the relative optimal load for each sex, it is challenging to compare their power
production. Other factors, such as the biomechanics of arm cycling WAnT, might differ
between males and females but, to our knowledge, have not been explored.
2.1 The Wingate anaerobic test
2.1.1 History.

The WANT was designed by the Department of Research and Sports Medicine of the Wingate
Institute of Physical Education and Sports in Israel during the 1970s (1). The development of
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the WANT started in 1974 with a study that compared measurements of explosive strength and
anaerobic power (2). This study looked at the relationship between 5 different tests: two tests
explored explosive strength with a single all-out effort over 150 degrees of motion to measure
the power of the lower limb in the propulsive phase of cycling. The other two tests consisted
of 30 seconds of pedalling test measurements, a lower body one with a relative load of 40g per
kg of body weight (BW) and the upper body with a relative load of 20g per kg of BW, and the
Margarita step test. The results of this study showed that the 30-second pedalling test and the
explosive power test had higher reliability (r=0.93) among all the anaerobic power

measurements.

Bar-Or (1) published an update on the test's methodology, reliability, and validity factors. He
described the test as a 30-second pedalling or arm-cranking task at maximal speed against a
constant force that must induce a noticeable development of fatigue. The three initial indices
measured were peak power (highest mechanical power produced), mean power (average power
sustained over 30 seconds), and the rate of fatigue (degree of power drop-off from start to
finish). The test was designed to be administered in the mechanical ergometer of preference,
with a conventional pedal crank length of 17.5cm and an optimal load of 0.75 kp/kg. The
optimal load was defined as the individual force setting that would elicit the highest peak and
mean power. Additional considerations for the leg pedalling were toe stirrups and, for arm

cranking, a cylindrical grip with no additional attachments.

The WANT is considered the gold standard for measuring power production in the lower and
upper body primarily due to its high reliability and validity, well-established protocols, and
standardization of testing procedures (3). Several factors contribute to its reliability; the test is
conducted in a controlled environment, typically in a laboratory setting, where variables like
temperature, humidity, and air resistance are kept constant, reducing the impact of external
factors on the results.

12



This test has been extensively studied and validated with various individuals, including athletes
from various sports, fitness, functional levels, and different age groups (4—7). The WAnT has
shown a high correlation with other measures of anaerobic power, such as peak power, mean
power, and fatigue index, strengthening its validity as an accurate assessment of muscle power
production. Overall, the reliability of the WAnT makes it a trusted and widely accepted tool
for evaluating an individual's capacity for rapid and intense muscle power production,

providing valuable insights for training and performance optimization.

2.1.2 Upper vs. lower body WAnT

The WANT can be conducted using either the upper body (e.g., arm crank ergometer) or the
lower body (e.g., cycle ergometer) to assess anaerobic power and capacity (1). While the
fundamental principles of the test remain the same, there are some differences between the
upper body and lower body Wingate tests, like the type of muscles engaged, the relative power
output, the fatigue factor, and the specificity for different sports (8—10). The primary difference
lies in the muscles being engaged during the test. In the lower body Wingate test, the main
muscle groups involved are the quadriceps, hamstrings and gluteus maximus, as the individual
pedals on a stationary cycle ergometer. It is important to mention that the upper body is also
active during the lower body WAnT providing stability to the participant by grasping the
handles. In contrast, the upper body Wingate test primarily engages the arms, shoulders, and
chest muscles as the individual performs the test on an arm crank ergometer with the legs and
feet of the participants strapped in place to provide stability (11). Due to the larger muscle mass
and greater force-generating capacity of the lower-body muscles, the lower-body Wingate test
yields higher peak and mean power outputs compared to the upper-body Wingate test. As a
result, the upper body Wingate test may be more suitable for individuals with lower body

injuries or conditions that limit lower body function (12).
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The fatigue pattern in the upper body Wingate test may differ from the lower body test due to
variations in muscle fibre recruitment and energy systems. For instance, the upper body may
experience earlier fatigue due to the reliance on smaller muscle groups, while the lower body
may sustain power output for a longer duration due to the involvement of larger muscle groups.
(13). However, choosing between upper body and lower body Wingate tests should consider
the individual's sport-specific requirements or functionality level. For example, athletes in
rowing, wheelchair racing, or combat sports may benefit from the upper body Wingate test,
while athletes in sprinting or cycling events may find the lower body Wingate test more

relevant (14,15).

2.1.3 How does the WAnT measure power production?
Muscle power production primarily depends on the contractile mechanisms within skeletal
muscle fibres. The sliding filament theory, proposed by Huxley and Niedergerke in 1954 and
refined by Huxley and Hanson in 1957, remains a foundational concept in muscle physiology
(16). According to this theory, the interaction between actin and myosin filaments within the
sarcomeres leads to muscle contraction, generating force and power (17). The rate of force
development and the extent of force produced is determined by multiple factors, such as the
type and arrangement of muscle fibres, motor unit recruitment, and the frequency of neural
stimulation (Table 1). In addition, the size and architecture of muscles play pivotal roles in
muscle power production, with pennate muscles, for example, exhibiting greater power output

than parallel muscles due to their increased physiological cross-sectional area (18).

Maximum Force - Muscle CSA

- MyHC Ila/x area ratio

- MyHC IIa/x composition (positive effect)
- Neural drive

- Muscle architecture

Rate of force development | - Maximum force

- Neural drive MyHC Ila/x area ratio

- MyHC IIa/x composition (positive effect)
- MTU stiffness

Neural coordination -Magnitude of muscle activation
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-Timing of muscle activation and relaxation

Activation-relaxation - MyHC IIa/x composition (positive effect)
kinetics -Sarcoplasmic reticulum structure and function
Maximum shortening | - MyHC Ila/x composition (positive effect)
velocity - Muscle architecture

Fatigue resistance - MyHC Ila/x composition (negative effect)

-Anaerobic substrate availability and
enzyme activity

-Metabolite buffering capacity

-Pain tolerance

Muscle oxidative capacity. | - Muscle CSA (negative effect)

- MyHC Ila/x composition (negative effect)
- Mitochondrial and capillary density
-Oxidative enzyme activity

Table 1. Summary of physiological determinants of power production. CSA cross-sectional
area, MTU muscle-tendon unit, MyHC myosin heavy chain isoform Modified from (19)

Muscle power production also depends on efficient energy systems rapidly supplying
adenosine triphosphate (ATP). The primary energy systems in power production are
phosphagen, glycolysis, and oxidative phosphorylation. The phosphagen system, dominated
by creatine phosphate, provides rapid but limited ATP for short bursts of high-intensity
activities. Glycolysis offers a moderate ATP supply but is limited by the accumulation of lactic
acid, leading to fatigue. Conversely, oxidative phosphorylation occurs in mitochondria and is
the most sustainable energy system, producing ATP by oxidizing carbohydrates and fats.
However, this system has a slower rate of ATP production, making it more suitable for
endurance rather than explosive power activities (20). The coordination and balance of these
energy systems are crucial for optimizing muscle power production during high-exertion

physical tasks.

The WAnNT assesses power production, which can be described through the force-velocity and
power-velocity relationships (Figure 1); this test primarily engages the anaerobic energy
systems to meet the high demands of intense exercise (21). At the start of the test, the
phosphagen system provides rapid energy through the breakdown of stored creatine phosphate
to regenerate ATP (ATP-PCr system). This immediate energy source supports the explosive
burst of power needed to initiate pedalling on the stationary cycle ergometer. As the test

15



progresses, the glycolytic system becomes more prominent, breaking down stored glycogen
into glucose to produce ATP anaerobically. However, this energy pathway is less efficient and

results in the accumulation of hydrogen ions, contributing to the onset of fatigue (22).

Force

Maximum
Power

Power
X -

V opt Velocity
A B

Figure 1. Force-velocity and power-velocity relationship. At a power requirement, X only 50%
of the muscle power-generating capability is needed at optimum velocity (point B)(21)

During the 30-second all-out effort, oxygen demand exceeds oxygen supply, and the body's
inability to meet the energy demands aerobically relies on anaerobic processes to sustain power
production. After the test is over, there is a phenomenon called excess post-exercise oxygen
consumption, characterized by the oxygen consumption remains elevated, facilitating the
clearance of accumulated lactic acid associated with muscle fatigue and providing valuable
information about an individual's anaerobic capacity and tolerance to high levels of muscle
acidity (23). The intensity of the Wingate Test also leads to a significant depletion of
phosphocreatine, a crucial component of the phosphagen energy system. The rate at which
phosphocreatine is depleted during the test provides insights into an individual's immediate

anaerobic energy availability and capacity for rapid power generation (24).
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2.2 Performance variables of the WAnT

Multiple variables can be obtained from the test as a reliable and valid tool to measure

anaerobic performance (3). The primary information that can be extracted from the test is as

follows:

Peak Power (PP): Peak power is the highest power output achieved during the 30-
second test, usually achieved within the first 5 to 10 seconds of the test. It represents
the participant's maximum anaerobic power capacity and is typically expressed in watts
(W) or watts per kilogram of body weight (W/kg), also called Anaerobic Power. This
is an indirect measurement of the power generation capacity of the ATP-PCr system.
Mean Power (MP): Mean power is the average power output over the 30-second test. It
indicates the participant's sustainable anaerobic power output during a brief high-
intensity effort and is also expressed in watts (W) or watts per kilogram of body weight
(W/kg). This is a measurement of the energy production capacity of the represents the
capacity of ATP-PCr and glycolytic system.

Fatigue Index (FI): The fatigue index quantifies the decline in power output during the
test, indicating the rate at which fatigue occurs. It is expressed as a percentage and is

calculated using the following formula:

(PeakPower—LowestPower) %

FI= 100

PeakPower

Total Work (TW): The total work is the cumulative energy expenditure during the 30-
second test. It represents the total amount of mechanical work performed during the test
and is calculated by integrating the instantaneous power output (PO) over time, which
represents the area under the power-time curve. The formula for calculating the total

work done is as follows:

W= [° PO(t)dt
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- Anaerobic Capacity: This index is calculated by dividing the mean power by body
weight. The units are watts per kilogram; however, the scientific community has not

accepted this index because of its low reliability (23).

These performance variables are crucial in assessing anaerobic capacity and power during
short-duration, high-intensity efforts (21). The WAnT is widely used in various fields,
including sports science, exercise physiology, rehabilitation set-ups, and athletic training, to
evaluate anaerobic performance and guide training and rehabilitation programs. Proper
interpretation of these variables can help to optimize training strategies, track performance

progress, and make informed decisions related to exercise, performance, and functional goals.

2.3 Kinematics of arm cycling
While the physiological performance determinants of recumbent arm cycling have been
investigated extensively, little is known about arm cycling biomechanics or arm cycling
configuration. Understanding the kinematics of arm cycling can provide valuable insights into
optimizing performance, injury prevention, and enhancing overall efficiency during arm-
powered activities. The key kinematic parameters in arm cycling include the joint angles at the
shoulder, elbow, and wrist joints; these angles determine the arm's position relative to the body
and the cycling equipment, affecting the overall range of motion and efficiency during the

movement (25).

The study of arm movement patterns helps identify the most effective and efficient techniques
for generating power during cycling and changes in the cadence, typically measured in
revolutions per minute (rpm) (26). It is important to note that the specific kinematics of arm
cycling may vary depending on the type of activity, equipment used, and individual
biomechanical characteristics. As with any physical activity, proper form, technique, and

training play a significant role in enhancing performance and preventing injuries during arm
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cycling, where variables like arm synchronization and arm positioning will play a fundamental

role (27).

Arm cycling involves repetitive movements that can be categorized into two different phases,
such as the pushing phase (downstroke) and pulling phase (upstroke), two propulsive moments
called top dead centre (or 12 o’clock position) and bottom dead centre (or 6 o’clock position)
(see Figure 2). Those phases are relevant to characterizing the optimal performance of cycling
(28,29). The 12 o’clock position begins the pushing phase, the primary propulsive stage of arm
cycling. It involves exerting maximal force through the arms and shoulders, specifically
activating the triceps brachii and the deltoid anterior, to move the cycling equipment forward
(30). In this phase, most of the power is generated, so proper biomechanics, arm positioning,
and coordination of muscle groups are essential to ensure efficient force production and

minimize energy loss.

The 6 o’clock position is the start of the pulling phase. In this phase, the arms continue their
motion backward, pulling through the cycle to complete the movement. This phase assists in
maintaining momentum and sets up for the next pushing phase. The main muscles active during
this phase are the biceps brachii and the posterior deltoid (31). The pulling phase is essential
for maintaining a smooth and continuous arm cycling motion, which can help reduce joint and

muscle stress and promote a more fluid movement pattern(32).
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Figure 2. Phases of cycling. The 12 o’clock position begins the downstroke phase, also known
as the pushing phase. At the 6 o’clock position, the start of the upstroke phase is also known as
the pulling phase.

To our knowledge, no previous study has evaluated the biomechanics of the WAnT in the lower
or upper body. However, the kinematic patterns in cycling have been of great interest,
especially for high-performance athletes (19,29,33). The measuring of kinematic variables in
sports sciences and also in rehabilitation sciences has been conducted using mainly optical
marked systems such as 3D Vicon, the gold standard for motion capture systems; however,
with the development of artificial intelligence, there has been an interest in markerless motion
capture systems for their promising features like high accuracy, flexibility for indoor and
outdoor applications, low cost, and versatility during different motor tasks. (34,35).

2.3.1 Markerless motion capture.

There are multiple optical and non-optical methods to perform kinematic analysis. Motion
capture technology has revolutionized the field of kinematic analysis by providing valuable
insights into human and animal movement (36). Traditional marker-based motion capture

systems require attaching reflective markers to the subject's body, which can be cumbersome

and time-consuming. Marker-based motion capture systems have been widely used in
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biomechanics, neuroscience, robotics, and sports sciences to study human and animal
movements. While these systems have proven valuable, they have certain limitations. Placing
markers on subjects can disrupt natural movements and may not be suitable for certain species
or contexts. Marker occlusion and drift are common challenges leading to data inaccuracies
(37). However, recent advancements in computer vision and machine learning have led to the
development of markerless motion capture techniques, eliminating the need for physical
markers (38). Markerless motion capture emerged as a solution to these drawbacks, allowing
researchers to analyze movements more naturally and unobtrusively. It relies on computer
vision algorithms and deep learning techniques to track critical points on the subject's body

without any markers (39).

Deeplabcut, developed by Mathis et al. (40), is a state-of-the-art markerless motion capture
software that has gained immense popularity in the scientific community. The tool is built upon
deep neural networks, specifically convolutional neural networks (CNNs), which excel in
identifying and tracking complex patterns in images and videos. The process involves a two-
step pipeline: training and using the network to infer new videos. There are multiple advantages
to using Deeplabcut. The deep learning algorithms allow for robust and precise tracking of
anatomical landmarks, achieving accuracy comparable to or surpassing traditional marker-
based systems. The model learns from the training data and generalizes its knowledge to new,
unseen movements, resulting in reliable kinematic analyses. Initially, the system was created
to track animal behaviour; however, its flexibility and adaptability allowed it to be used with

various species, body shapes, and environments.

Deeplabcut is also an open-source algorithm, fostering collaboration and continuous
improvement from different scientific communities. The community actively contributes to its
development, sharing insights, updates, and optimized models, making it a dynamic tool for

researchers worldwide (https://github.com/DeepLabCut/DeepLabCut). No previous study has
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implemented the use of Deeplabcut on arm cycling. Its potential is attractive since marker
obstruction is one of the most common challenges when tracking human-object interactions,
and this is not a limitation with this type of technology since the labelling is performed

manually.

The analysis of kinematic factors is essential to describe characteristics like joint angles, range
of motion, movement variability, and velocity for each body part involved in the motor task.
However, they are not sufficient to understand the complexity of human movement. Kinetic

factors are often measured to describe changes in the interaction between the subject and object.

2.4 Kinetics of arm cycling.
Another area of interest in studying cycling is understanding the forces that move most
efficiently and effectively. In cycling, the attachment between the cyclist and the bicycle is
defined as a three-point link involving the handlebars, saddle, and pedals; in the case of arm
cycling, that system is composed of the individual, the cranks, and the chair or point of contact
with the ground. These links serve as force transfer points from the body to the bicycle and

viceversa (41). The main force studied in cycling is the pedal or crank force in arm cycling.

Measuring pedal forces has interested researchers for the last 30 years. Technology has allowed
pedal force measurement to advance to the stage where it is possible to measure three
components of force (Fx, Fy, and Fz) and three associated moments (Mx, My, and Mz). Tools
like angular potentiometers (42), videography (43), and digital encoders (45) have been used
to measure and calculate the effective force during cycling. The ratio of the force perpendicular
to the crank (effective force) to the overall force applied to the pedal (resultant force) has been
used to define the effectiveness of pedal force during cycling (see Figure 3). The pedal force
has been measured with mainly strain gauges, and since the sagittal plane is the one that

contributes mainly to the tasks, the forces tend to be calculated just in this plane.
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Fr

Figure 3. Visual representation of forces acting in the arm crank. Fe = effective force Fr =
resultant force Fu: unused force.

In arm cycling, no study has explored the forces applied in the crank, creating a knowledge gap
in the study of force efficiency and a lack of understanding of how the forces are produced by
the person performing the task. This is particularly true in a power production task like the
upper body WAnT. Arm crank ergometry has been studied to explore what type of crank
facilitates more power generation or if the crank configuration, synchronous versus
asynchronous, affects torque production. Smith et al. (46) investigated the effect of crank
configuration on muscle activity and torque production during submaximal arm crank
ergometry. They found that patterns of torque production during asynchronous and

synchronous cranking were distinct and different during different workloads (50 vs. 100 watts).

Another essential force is muscle force. In (47), Bressel et al. studied the effect of different
handgrip positions (supinated, pronated, and neutral) on the neuromuscular activity of the
biceps brachii, triceps brachii, middle deltoid, infraspinatus, and brachioradialis. They found
that the biceps brachii has a 63% greater activation in a neutral handgrip, and the infraspinatus
exhibited 36% less activation in a supinated vs a neutral position. Another study in 2015
explored the muscle coordination of the upper body while cycling at 150 and 300 watts with a
cadence of 90 RPM; they found that the EMG activation patterns remained similar; however,

increased workloads showed an increased structure in the EMG that most likely represents a
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more orderly recruited pattern during the cycling task at higher effort levels (48). The most
recent study that classified muscle activation during an arm cycling task was by Chaytor et
al.(31). They found that integrated electromyography (EMG) amplitude increased significantly
with increased power outputs and a difference in iIEMG between the flexion and extension

phases in all muscles except the triceps brachii and extensor carpi radialis.

The joint torques are essential when combining the study of muscle and crank forces. Joint
torque refers to the mechanical stress the joint undergoes when performing a task. The shoulder
joint is the central pivot point in the joint kinematics of arm cycling. During the pushing phase,
the shoulder abductors and flexors generate torque to push the hand cranks forward, and during
the pulling phase, the shoulder extensors and adductors work to pull the hand cranks backward.
The second main joint is the elbow joint. The elbow joint produces the main torque during the
pushing phase via the elbow extensors and during the pulling via the elbow flexors. Finally, as
the point of transference of the forces to the crank, the wrist joint contributes to arm cycling by
providing stability and control. The wrist extensors and flexors may generate torque during the
downstroke and upstroke, respectively (49). It is essential also to consider that other joints like
the neck or the trunk have not been included in the analysis of upper body cycling; however,
their proximity and high functional correlation might give insight into a more holistic approach

to the kinematics of arm cycling.

Another factor considered in a kinematic analysis is joint stiffness, which refers to a joint's
resistance to movement. Dynamic joint stiffness is thought to be influenced by a combination
of active muscle contraction and passive soft-tissue resistance. In the context of the upper body
WAnNT, joint stiffness plays a role in optimizing power transfer and minimizing energy losses
during the pedalling motion. Proper joint stiffness allows efficient force transmission from the

muscles to the hand cranks. If joint stiffness is too low, excessive energy may be lost as the
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joints "give" during the pedal stroke. On the other hand, if joint stiffness is too high, it can lead

to increased fatigue and muscle stress (50).

Individuals must balance joint flexibility and stiffness to maximize upper body WAnT
performance. Proper joint coordination and stability are critical for generating and transferring
power effectively. Measuring joint torques and stiffness directly during the upper body
Wingate test can be challenging, as it may require specialized equipment and invasive
procedures. However, researchers and sports scientists can use motion capture systems,
dynamometers, and surface EMG to infer joint torques and assess muscle activation patterns

during the test.

The study of combined kinetic and kinematic variables of the upper body WAnT has not been
explored yet, but it has been done for lower body WAnT. Figure 4 represents how the kinetic
and kinematic factors interact in a power production task. First, the power production has a
hyperbolic behaviour regarding the velocity, and there is an optimal point for power generation
around 120 rpm. Conversely, torque almost has an inverse linear relationship with velocity, as
the force-velocity relationship curve illustrates in Figure 4, also, as time passes during the test,
the muscle reduces its ability to produce torque because of a fatigue effect. The capacity to
generate maximal force, or a very high submaximal force, is limited to medium velocities
because of the energy depletion it takes to increase the velocity to high RPMs, leading to a

detrimental effect on power and force production over time.
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Figure 4. The torque- and power-pedalling rate relationship, parameters, and determinants.:
PMax, maximum power; RPMMax, maximum pedalling rate; RPMOpt, optimum pedalling
rate (i.e., optimal frequency); TMax, maximum torque; TOpt, optimum torque. From (19)

In conclusion, power output can be improved by modifying the arm cycling task technique to
a more circling action (i.e., greater force effectiveness for similar magnitude of forces). The
performance will be potentiated from a mechanical perspective if the pedal forces are applied
perfectly perpendicular to the crank in the direction of crank motion (i.e., 100% of effective
force). However, this effect requires a perfect kinematic alignment; therefore, the kinetic and
kinematic factors should not be studied separately due to the interdependence for improving

performance.

It is important to consider that in the WAnT, the forces applied by the participant depend on
the resistance chosen to perform the test. This resistance has been named relative load, and a

percentage of body weight is the most commonly used factor to determine it (51).
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2.5 Relative load in arm cycling
The use of arm cycling from rehabilitation to high-performance populations has led to multiple
questions relating to prescription parameters. Thus, one of the significant parameters includes
optimal load and optimal load force to maximize performance. A systematic review interested
in the factors that influence bicycle fitting, defined as the detailed process of evaluating the
cyclist's requirements to adjust the bicycle to meet the cyclist's goals and needs, found that the
dynamic bicycle fitting methods need to consider intensity (i.e., relative load) as a fundamental

factor (33).

The effect of the relative load has been explored in the upper and lower body and has mainly
focused on neuromuscular/neuromechanical performance. For example, Holliday et al. (29)
studied the effect of different relative loads of cycling training and racing on whole-body joint
kinematics and muscle activity. They found significant changes in the kinematic parameters of
ankle dorsiflexion, knee extension, elbow flexion, and trunk orientation, with more than 30%
difference between low and high intensities. In muscle activation, there was a higher EMG

signal amplitude in all low-extremity muscles at higher relative loads.

Botzheim et al. (32) described the effects of body position with respect to gravity (sitting and
supine), crank length (10cm vs. 15¢m), and cranking mode (synchronous vs. asynchronous) on
muscle synergies in arm cycling. EMG was recorded from the main muscles activated during
arm cycling, and their results showed that synergies were affected by body position and
cranking mode, suggesting that the central nervous system may employ different motor control

strategies in response to external constraints.

Most of the research developed in understanding arm cycling and the effect of different relative
loads has been developed in neurophysiology. Forman et al. (2015) found that phase and
cadence impacted corticospinal excitability (CSE) in elbow flexion and extension during

asynchronous arm cycling (52). Spence et al. (53) compared CSE at 5% and 15% of peak
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power output (PPO), finding that the CSE is load-dependent, increasing the excitability as the
load increases in the biceps and triceps brachii. Another study that compared different PPOs
(5-50%) found that iIEMG is influenced by the flexion/extension cycling phases and also
showed a linear relationship between iEMG amplitude and the %PPO for all muscles (31). In
addition to the cadence, phase, and load dependence factors, it was also shown that the direction
of the cycling (forward vs. backward) significantly impacts the CSE of the biceps brachii, being

higher during forward cycling compared with backward cycling (54).

Less literature studies the effect of the relative load on the kinematics of arm cycling. Mravcsik
et al. (32) developed a study to determine the effects of different relative loads on the
kinematics of arm cycling. Specifically, they wanted to determine the effect of three different
crank resistances (1.16 Nm, 3.09 Nm, and 6.14 Nm) on arm configuration and muscle
activation variances during arm cycling. The range of angular motion of the shoulder, elbow,
and wrist was 42.75°+0.63, 68.87° +£0.49, and 23.35° +£1.16 (mean £SEM) during the three
resistances. The study reported no significant differences between the crank resistances
regarding the muscle activation variances. The resistance used in their study did not consider
body weight as a factor to determine the relative loads, and the task did not require high

intensities and velocities as needed during the upper body WAnT.

The denominated kinematic-force-control theories have studied the interest in forces and
motion patterns in different motor outputs (55). These theories try to explain the mechanisms
and implications of the central nervous system to control movement and force (most studies
have only explored isometric tasks). Piovesan et al. (56) studied the control of motion and
contact forces in dynamic motor output. They found that the force regulation process employed
by the central nervous system involves not only the pure force controller but also a coupled
motion controller mediated via the mechanical impedance of the arm. Also, as an adaptation to
the environment and the task, the person creates an internal environment model that estimates
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the kinematic parameters and drives the coupled force-motion controllers to provide
increasingly more accurate feed-forward compensation. However, the exact mechanism of
force-motion control, especially for power production tasks in dynamic motor outputs, is still

under study.

In a dynamic motor output like arm cycling and particularly in power production tasks like the
WAnNT, there is a knowledge gap on the effect of relative load on the biomechanical
characteristic of the movement itself. Filling this gap could help us understand the relevance

of force efficiency and optimal motor activation patterns when performing the WAnT.

2.5.1 Impact of relative load in WAnT.
The original test weight/load used for the WAT was 7.5% of the participant’s body mass (BM)
or 0.075 kg per kg of body weight; however, this recommendation was based on a study of a
small number of untrained young people. The best way to empirically answer the WAnT ideal
strength is to repeat the test with varying loads on different populations (57). Selecting a force

load for each subject that yields both optimal mean and peak power outputs is essential.

The initial investigation into the proper resistance for the WAnT was conducted by Evans et
al. (58) on 12 highly trained individuals. They concluded that the WAnNT resistance must be
determined by the subject’s anthropometric measures (weight and leg volume). Dotan et al.
suggested a resistance of 0.087 kp/kg for active male students, arguing that the resistance
should be set as a function of physical fitness. Additionally, they confirmed that the ideal

resistance for peak power was higher than required for maximal mean power.

After this study, Bar-Or published an update on the methodology, reliability, and validity of
the WANT for the upper and lower body in different populations and established the relative
load values for active adults, as shown in Table 2. They also established that choosing the ideal

force based on total body weight may not be the most accurate strategy (muscle mass or fat-
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free weight, for example, may be superior options). However, using body weight as a criterion

appears sensible in terms of application (1).

Subjects Upper/Lower body | Sex Optimal load
(kp/kg)
Physical education | Upper body Male 0.087
students Female 0.085
Lower body Male 0.062
Female 0.048

Table 2. References values for optimal load for upper and lower body WAnT in active males
and females. Modified from (1)

Forbes et al. (59) conducted a study with 40 participants (20 males and 20 females) divided
into recreationally active and trained participants. They performed multiple upper body WAnT
with relative load factors ranging from 0.050 to 0.080 kg - kg'! BM for recreational males,
0.060-0.090 kg - kg'' BM for trained males, and 0.040-0.070 kg - kg'' BM for both
recreational and trained females. The results showed that the highest peak (5s) power outputs
for trained males, recreational males, trained females, and recreational females were 0.075,
0.070, 0.065, and 0.060 kg - kg™ ! BM, respectively. The relative load factors that elicited the
highest mean 30s power outputs for trained males, recreational males, trained females, and

recreational females were 0.075, 0.055, 0.050, and 0.050 kg - kg ~' BM (59).

More recently, a study by Michalik et al. (60) compared two methods to determine the optimal
load for the WANT: the force-velocity relationship, the power-velocity relationship, and the
body weight model. The participants performed nine all-out lower body sprints against a
relative load of 3 to 14 kg. They found that peak power output was similar between tested
models, but the study did not describe factors like velocity or force production (60). Thus, the
relative load used for WANT potentially impacts WAnT performance. Selecting an optimal
relative load resistance considering applied forces and joint kinematics of an upper body

cycling WAnNT could create a novel and powerful approach.
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2.6 Sex differences in power production
As mentioned at the beginning of this literature review, power production depends on the type
and arrangement of muscle fibres, motor unit recruitment, and neural stimulation frequency.
Previous studies have identified over 3,000 genes expressed differently in male and female
skeletal muscle. Those genetic differences are expressed in different skeletal muscle fibre
composition, myosin heavy chain expression, contractile function, and the hormonal regulation

of these physiological differences (18).

A study that included 55 women and 95 men to study the composition of the vastus lateralis
found that type-I fibres account for 36% of the total biopsy area in men and 44% in women,
and type-IIA fibres account for 41% in men and only 34% in women. The greater prevalence
of slower type fibres in females compared with males parallels the lower contractile velocity
in females compared with males. Also, men's muscle fibres have significantly larger cross-
sectional areas (CSA) than women's (61). The capacity of fatigue of a muscle has also been
studied during isometric contractions, and it was found that male muscles are more fatigable
than female muscles, and it is related to muscle substrate utilization, neuromuscular activation,

and muscle morphology (62).

These sex differences in force and power production are relevant to deciding parameters like
the relative load during anaerobic testing and performance reference values to determine if the
person has a high, medium, or low power production. Because of the anatomic and
physiological muscle differences between males and females, it would make sense for females
to have a lower peak power and a low fatigue index since male muscles can produce high power

quickly but are more fatigable.

2.6.1 Sex differences in the WAnT
One of the first research publications comparing performance during the lower body WAnT

and muscle morphology in males and females was by Froese et al. (63). They had 30
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participants (18 females and 12 males) perform a 30-second lower body WAnT, and then blood
samples were taken to measure lactate levels as well as biopsies of the vastus lateralis on the
right leg following the WAnT. There was a significative positive correlation between the
performance variables of peak power and total work, post-test lactate concentration, and the
percentage and area of fast twitch fibres for men. However, no significant correlations were
found for females. One of the possible explanations for the lack of correlation between
variables for women is that the method used to calculate the optimal load was a regression
equation incorporating body mass (kg) and leg volume (L) determined by water displacement.
Since women tend to have a more significant proportion of body fat and lower muscle mass
than men, this led to assigning loads that were likely too high in terms of active muscle mass

for the female subjects.

Multiple studies have used different relative loads and compared the performance of males
versus females in the upper and lower body. However, there is no consensus on the optimal
load regarding sex differences. Wozniak et al. (64) evaluated the performance of male and
female wrestlers using an upper body (5.5% and 4.5%, respectively) and lower body (7.5%
and 6.5%, respectively) relative load of body mass. They found that relative peak and mean
power during both tests were higher in males than female wrestlers. However, the sex
differences were reduced when power was normalized for body or fat-free mass, suggesting

that anaerobic power is closely related to lean body mass.

In (65), Lovell et al. studied the effect of body strength and power on the performance during
the upper body WAnNT in 24 men and 16 women. Muscular strength was measured with one
repetition of maximum bench press and muscular power with bench throws. The protocol of
the WANT was not specified. Their findings showed that the best indicators of upper body
Wingate performance in males are body mass and, to a lesser extent, muscular power. Physical
strength in women was the best predictor of performance of the upper body Wingate test. These
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results indicate that the quality of muscle power and force production may be used differently

between males and females when performing arm cycling sprints.

The effect of sex-related differences on performance during upper body WAnT has been
described in high-performance athletes. Sandbakk et al. (66) published a review summarizing
the scientific knowledge concerning sex differences in world record performance. Sex
differences in performance between the world’s best athletes in sports in which upper-body
power is a significant contributor (swimming, rowing, kayaking, canoeing) show more than
15% difference between males and females. One of the morphological explanations for this
difference is the proportionally larger upper-body muscle mass of men compared to females,
who generally have 25-40% less muscle mass. Regarding peak power output, during WAnT,
the muscle mass of the lower extremities seems to be the main reason men perform better than
women. However, for the upper-body power, this may not be the case (67,68). Another factor
that seems to contribute to sex differences in power production performances is the pacing
strategy. The pacing strategy is defined as the power output distribution during the exercise.
During the WAnNT, where they are instructed to do a high-intensity burst of exercise, males are
shown to be more competitive and do not employ the pacing strategy as effectively as females

(69).

To our knowledge, the only study that has explored the relative load effect and sex-related
differences in power production of the upper body was conducted by Hegge et al. (70). They
compared three different power outputs during a 4-minute submaximal, 3-minute submaximal,
and 30-second maximal all-out test during double poling on a ski ergometer. The peak power
in men was 88%, 95%, and 108% higher during the 4-minute, 3-minute, and 30-second tests,

compared to females, respectively. No differences between sex or intensity were found.
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Conclusion

The WAnNT is a gold standard in power production testing. Most of the literature has centred
around the lower body and test performance measurements. Less is known about upper body
WAnNT. More specifically, we know little about the biomechanical aspects of WAnT
performance, how it changes due to relative load resistance during WAnT, and whether it is
sex-dependent. Furthermore, this has not been analyzed with crank forces or other WAnT
performance measures. The following study will be the first to use joint kinematics, crank
forces, and performance measurements under different relative loads to evaluate the upper body
WAnNT's performance and determine if the difference (or lack thereof) in WANT performance

measures are sex-dependent.
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4.1 Abstract
Introduction: The upper body Wingate Anaerobic Test (WAnNT) is a 30-second maximal effort
sprint against a set load (percentage of body mass). However, there is no consensus on the
optimal load and no differential values for males and females, even when there are well-studied
anatomical and physiological differences in muscle mass for the upper body. Our goal was to
describe the effects of load, sex, and crank position on the kinetics, kinematics, and
performance of the upper body WAnT.
Methods: Eighteen participants (9 females) performed three WAnTs at 3, 4, and 5% of body
mass. Arm crank forces, 2D kinematics, and performance variables were recorded during each
WAnNT.
Results: Our results showed an increase of ~49% effective force, ~36% peak power, ~5° neck
flexion, and ~30° shoulder flexion from 3-5% load (p<.05). Mean power and anaerobic
capacity decreased by 15%, with no changes in fatigue index (p<.05). The positions of higher
force efficiency were at 12 and 6 o’clock. The least force efficiency occurred at 3 o’clock
(p<.05). Sex differences showed that males produced 97% more effective force and 109%
greater mean power than females, with 11.7% more force efficiency (p<.001). Males had 16°
more head/neck flexion than females, and females had greater elbow joint variability with 17°
more wrist extension at higher loads. Males cycled ~32% faster at 3 vs 5% load with a 65%
higher angular velocity than females. Grip strength, MVIC, mass, and height positively
correlated with peak and mean power (p<.001).
Conclusion: In conclusion, load, sex, and crank position have a significant impact on
performance of the WAnT. These factors should be considered when developing and

implementing an upper body WAnT.

Keywords: cycle ergometry, kinematics, kinetics, power.
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4.2 Introduction

The study of human performance has long been a focal point in exercise science, with
researchers aiming to understand the interplay of physiological, biomechanical, and sex-related
factors that influence an individual's capacity for physical exertion. An essential aspect of this
goal is examining anaerobic power, a critical component of overall athletic performance and a
parameter for assessing an individual's physical capabilities. The Wingate Anaerobic Test
(WANT) is a widely used and established protocol that has been a gold standard in assessing
anaerobic power, mainly in the lower body (3). The upper body WAnT has been used for its

application in rehabilitation settings and sports but to a lesser extent.

Power production in the upper body WAnT has been primarily studied in males. Sex-
related differences in physiological attributes, including muscle mass, fibre composition, and
hormonal profiles, contribute to distinct performance outcomes between males and females
(62,71). The disparities in the aforementioned differences in physiological attributes and upper
body muscular power production between sexes underscore the need for investigation. Existing
research shows consistent disparities in lower body Wingate test outcomes based on sex, with
males generally displaying higher peak power, mean power, and fatigue index than females
(71). However, the disparities between males and females have been less explored in terms of
upper body power production. Lovell et al. (65) studied the influence of body strength
(1reptitition maximum), body mass (BM), and power production (bench throws) on upper body
WAnNT performance (peak and mean power for both males vs females). They found that BM
and muscular power best predict upper body Wingate performance for men, while only
muscular power predicted performance for women. While a few sex differences have been
explored regarding performance variables, characteristics like crank forces or kinematic
strategies have not. In terms of upper body cycling, biomechanics studies in wheelchair

propulsion showed that females had a lower gross mechanical efficiency, lower comfortable
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propulsion speed, higher local perceived exertion, and higher push percentage than males (72).
However, no previous study has explored the sex differences in the biomechanics of the upper
body WANT. This information could give us insights into the mechanics of the movement for
males and females and the possibility of developing individualized protocols to measure and

calculate the maximum power production in the upper body.

These upper body WAnT mechanical factors can be categorized into kinematic and
kinetic. These factors are relevant in sports and rehabilitative sciences since they describe
athletes' and patients’ techniques to develop strategies for performance enhancement, fatigue,
injury prevention, and energy expenditure optimization (29,33,41,73). In lower-body cycling,
studies have described kinematic variables like joint angles and torques and how they are
influenced by bike configuration, posture, fatigue patterns, training level, and workload
(29,33,74). Regarding kinetic factors, previous studies in upper and lower body cycling have
described the crank forces applied during the test and how they are highly influenced by the
external load, typically known as relative load (51,75,76). The relative load for the WAnT is
determined as a percentage of the participant's body weight (51). The most recent study that
attempts to determine a body mass factor for males and females (59) found that the optimal
load for upper body WAnT was 5% BM for active and trained females, 7.5% for trained males,
and 7% for active males. These relative loads have not been widely used in the literature since
there are more factors than sex and training level in power production, so multiple studies have
set up their loads based on the maximum possible relative load for their specific sample (9,15).
Furthermore, the influence of relative load in the WAnT has only been considered in terms of

peak and mean power production and kinetic and kinematic factors have not been considered.

The gap in the literature regarding the influence of sex and relative load and potential
underlying mechanisms for these effects on the performance of the upper body WAnT needs
to be addressed to develop more accurate testing techniques and individualized training
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protocols. Therefore, the objectives of this study were to 1) perform a comprehensive analysis
of the kinetics, kinematics, and overall performance measures on an upper body WAnT and 2)
determine the effects of external load, crank position, and sex on objective 1. We hypothesized
that 1) cycling against a higher relative load would lead to increased crank forces, joint angles,
and altered performance measures and 2) that changes to biomechanical and performance

measures would be sex-dependent.

4.3 Methodology
4.3.1 Participants
Using a G-power analysis, it was determined that a sample of 16 participants was needed to
achieve an alpha of .05 with a power of 0.8. Eighteen healthy recreationally active adults (nine
males - height:175.7 £ 7.7 cm, weight: 88.5 + 22.5 kg, age: 28 + 4 years and nine females -
height: 164.75 + 11.25 cm, weight: 71 + 18 kg, age: 24 + 4 years) volunteered to participate in
the study. All participants were university students at Memorial University of Newfoundland.
Exclusion criteria included having a previous history of upper limb injury in the last 6 months
or pain that prevented them from completing vigorous exercise. After signing the written
consent form, the participants completed the Physical Activity Readiness Questionnaire (PAR-
Q+) (77) to screen for contraindications to perform physical activity. Hand dominance was
determined using the Edinburgh Handedness Inventory (78) questionnaire as kinetic and 2D
kinematics measurements were analyzed from the dominant limb (see Experimental Protocol).
Using this inventory, it was determined that 15 of the 18 participants were right-hand dominant.
The Interdisciplinary Committee on Ethics in Human Research approved the study at Memorial
University of Newfoundland (ICEHR No 20230904) following the Tri-Council Policy
Statement for Ethical Conduct on Research Involving Humans (TCPS2) in Canada, with full

disclosure of potential risks to participants.
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4.3.2 Experimental Setup

4.3.2.1 Cycle Ergometer
All experimental data were recorded from the participant while being seated on a computer-
controlled, electrically braked cycle ergometer modified for arm cycling (Dynafit Pro,
Racemate, Seattle, Wash., USA). Participants were seated in a padded armless chair, strapped
with a shoulder belt, and situated at a comfortable distance from the crankshaft so that with the
crank position on the opposite side of the body and the hand grasping the handles, the elbow
joint was almost in full extension (165—175°). The chair was manipulated so that the
participant's shoulders were approximately in line with the axis of rotation of the ergometer
with their feet strapped to the floor to minimize compensatory movements. This chair
positioning was recorded for each participant and was subsequently used in every data

collection session.

Crank forces were measured with a Smart Fit Power Force (SmartFit, Radlabor GmbH,
Freiburg, Germany) system with a sampling frequency of 500 Hz, a measurement range from
500-1500 N, and a 12-bit resolution. The analog signal was recorded in volts and converted to
newtons. The force transducers were mounted between the crank and the pedal with a 12°
forward rotation about the crank. Its measuring principle determined the magnetic field
variations because of the angular displacement of a small magnet with respect to 2 sensors, a
sensor for radial forces and one for tangential forces. The device was calibrated every five

sessions.

4.3.2.2 Grip Strength
Maximal grip strength was collected bilaterally with a Smedley Digital Hand
Dynamometer (Model: 12-0286, Baseline® Digital hand dynamometer, White Plains, New
York, USA) in two static asynchronous cycling positions, with both wrists in a pronated
position. The first hand grip test was recorded bilaterally, with the dominant arm at 12 o'clock
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and the non-dominant arm at 6 o'clock. Two trials were performed. The second hand grip test
was recorded bilaterally in the opposite position, with the non-dominant arm at 12 o'clock and
the dominant arm at 6 o'clock; two trials were also performed. A total of 8 measurements of

maximal handgrip strength were performed.

4.3.2.3 Maximal voluntary isometric contractions (MVIC)
In the same position where grip strength was recorded, the participant performed 6 total
MVICs. Three MVICs of the elbow extensors with the dominant arm pushing at the 12 o'clock
position while the non domminant arm was pulling at the 6 o’clock position and other three
MVICs of the elbow flexors with the dominant arm pulling at the 6 o'clock position and the
non-dominant arm pushing at the 12 o’clock position. The participant held each MVIC for 5

seconds while verbal encouragement was delivered, and the force data was recorded.

4.3.3 Arm Cycling WAnT
The WANT protocol consisted of a brief 10-second warm-up at a 60 rpm cadence, followed by
a visual and verbal 3-second countdown prior to the electro-mechanical brake applying a 3,4,
or 5% factor of the participant body mass, and then the participants were asked to arm cycle to
volitional fatigue during a 30-second all-out sprint (3). Visual cadence feedback was provided
on a computer screen in front of the participants, and verbal encouragement was provided
throughout the test. Crank force, performance, and kinematic data were recorded during the

30-second all-out phase of the test.

During the Arm cycling WAnt, the force applied to the crank was continiuosly measured
bilaterally and extracted with the IMAGO software in two components: the effective/tangential
force (FE) as the force vector that is always perpendicular to the crank and responsible for
propulsion. The unused/radial force (FU) is the force component lengthwise to the crank that
does not generate propulsion. Thea total force was calculated by summing the FE and FU.

Performance data was collected with a 10 Hz sampling rate with the Velotron cycle ergometer
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(Dynafit Pro, Racemate, Seattle, Wash., USA). The variables of mean watts, peak watts,
minimum watts, mean rpm, peak rpm, peak reach (time), minimum rpm, anaerobic capacity,

anaerobic power, fatigue index, and total work were all recorded.

Kinematic data was recorded using three Go Pro 10 cameras in Ultra slow-motion capture
mode, 240 frames per second (fps), and a resolution of 2704x1520 pixels. Two cameras were
positioned for a right and left sagittal view, and one camera was front (45 degrees off to the
participant's dominant side). All cameras were 50cm from the participant. The recording was
synchronized by using a voice command. A red flashlight was displayed at the start of the

kinetic data recording to align with the kinematic data. See Figure 5 for the experimental setup.

4.3.4 Experimental protocol

The experiment protocol consisted of 4 sessions with 24 to 48 hours between sessions.
The first session was a familiarization where the participant's anthropometrics were measured.
Following this, the participant performed maximal grip strength bilaterally, MVICs of the
dominant arm elbow flexors and elbow extensors, and three 10-second Wingate tests at the 3,
4, and 5% of their body weight. These percentages were selected after performing three trials
with randomly selected participants with intensities from 3 to 7.5%. Resistances higher than
5% BM were very difficult for participants to complete the 30-second upper body WAnT.
Following the familiarization session, the participants randomly completed the other three
sessions, which included a 30-second upper body WAnT at a relative load of either 3, 4, or 5%

of the participant's body weight. For the experimental protocol, see Figure 6.

4.4 Data Analysis
Grip strength and MVIC averages were calculated for the 12 and 6 o'clock positions. All crank
force data during arm cycling were extracted from the IMAGO system, filtered, and processed
in MATLAB R2022a using a 4™-order Butterworth filter (low pass, dual pass, cut-off

frequency: 50 Hz). Kinetic data were normalized to the participant's body weight. The crank
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angle was defined as 0 when the crank was at the 6 o'clock position. A complete cycle was
defined by the crank angle, with each cycle starting at a crank angle of 0 and ending at a crank
angle of 360, which was represented as a percentage from 0 to 100%. The ratio FE/FU was
calculated for each trial to indicate force efficiency. Sprint performance measures, including
mean and peak power output, mean and peak rpm, peak reach (time), anaerobic capacity, and
anaerobic power fatigue index, were recorded using the Velotron Wingate Version 1.0.1

software.

For the kinematic data, videos were clipped to the 30-second all-out cycling, using the red
flashlight emitted at the start of the recording of the kinetic data as a reference. Adobe Premiere
Pro 2021 was used to clip the videos and down-sampled them to 120 fps, keeping the original
resolution. Markerless pose estimation was performed using human pose—estimation software
DeepLabCut (DLC) (79). This software has not been used during arm-cycling; however, an
inter-class correlation coefficient of 0.98 with Kinovea for 2D kinematic analysis has been
reported (38). DLC performs frame-by-frame prediction based on transfer learning with deep
neural networks. Specifically, users can track novel landmarks from time-varying videos with
minimal requirements for additional training data. The DeepLabCut toolbox was developed as
a Python Environment in Anaconda3. The procedure for video processing in DLC was as
follows: 1) creation of a project, 2) frame extraction of 1020 frames using the k means
algorithm from the dominant side and frontal view videos, 3) all frames extracted underwent

manual labelling of 12 reference points per frame (

Figure 7): nose, tragus, acromion (shoulder), lateral epicondyle (elbow), styloid process of the
ulna (wrist),3™ metacarpophalangeal joint (knuckle), crank, the centre of the crank, chair point
(hip), knee lateral joint line (knee), lateral malleolus (ankle) and first toe (toe). The greater
trochanter was not possible to track because of the seat belt occluding the hip joint, so the chair
point was used as a surrogate.
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Manually labelled frames from each participant were then used to transfer train an already
existing neural network architecture (resnest50). Specifically, 500,000 iterations (i.e., epochs)
were used to train the DLC neural network with a split of a 95% train subset and a 5% test
subset. The performance of the trained network was evaluated, obtaining a Train error = 4.59px
and Test error = 4.3 1px, which represents less than 1 cm of error when tracking each labelled

point (

Figure 7). The final step included processing all videos to obtain the 2D (x,y) spatial
coordinates of all tracked points. X was defined as the horizontal axis, and Y was the vertical
axis. All video data were processed using a GPU parallelization (NVIDIA-RTX 6000), and all

XY outputs were smoothed (moving median) using Deeplabcut.

Coordinate data was then processed using Matlab (R2022a, Mathworks Inc., Natick, MA, USA). Coordinates with
a confidence level below 95% were removed, and gaps were interpolated using adjacent data points (MATLAB interpl
function, piecewise shape preserving cubic spline; PCHIP). The 2D kinematic variables included neck angle, shoulder
angle, shoulder path length, elbow angle, elbow path length, and wrist angle. The intersegmental angles at the neck,
shoulder, elbow, and wrist were computed from filtered marker coordinates by trigonometric equations. The neck angle was
calculated as the angle between a vertical line and the head orientation (a horizontal line between the nose tip and the right
tragus). The shoulder angle was defined as the angle between a vertical line and the upper arm (acromion, lateral
epicondyle) segment. The elbow angle was defined as the angle between the upper arm and forearm (lateral epicondyle,
styloid process of the ulna) segments. The wrist angle was defined as the angle between the forearm and the hand (styloid
process of the ulna, 3" metacarpophalangeal process) segments. The shoulder and elbow path length variables were
calculated as the displacement of the acromion and lateral epicondyle points, respectively, during the 30-second WAnT.
Joint paths were normalized to the number of cycles done on each trial; these variables were dimensionless. The lower body
kinematics were not calculated, assuming that the most significant changes in the Upper body WAnT will occur in the upper
body segments. See

Figure 7 for kinematic setup and analysis.

4.5 Statistical Analysis
Statistical analyses were completed using SPSS 28.0 (SPSS for Windows, IBM Corporation,
Armonk, New York, USA). The normality of the data was assessed using both Shapiro—Wilk
and Kolmogorov—Smirnov tests, and it was found that all the variables were normally
distributed (p > 0.05). See all independent and dependent variables in Table 3. Three-way
repeated measures ANOVAs were performed with factors LOAD (3,4 and 5%) x POSITION
(12,3,6,9 o'clock) to evaluate all kinetics variables and joint angles; SEX was set as the

between-subjects factor. For the range of motion of all joints and the shoulder and elbow path,
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two-way repeated ANOVAs were performed with a with-in-subjects factor, LOAD, and a
between-subjects factor, SEX. A two-way ANOVA with the same model was also performed
for each performance variable. If violating the assumption of sphericity, p values were adjusted
using the Greenhouse—Geisser correction. Statistical significance for main tests was set at p <
0.05. In the event of a statistically significant ANOV A outcome, pairwise comparisons were
completed post hoc using the Bonferroni correction. The text, tables, and figures show data as
mean £+ SD. Partial eta-squared (pn2) measures indicating the magnitude of changes associated
with significant main effects were provided and reported as small (< 0.01), medium ( > 0.06),

or large (> 0.14) (80).

Two multivariate ANOV As were performed to find the differences in Grip strength and MVIC
at the 12 and 6 o'clock positions. Last, simple bivariate correlations (Pearson's r) were
calculated between Grip strength, effective force, and performance measurement (peak power
and mean power) and between effective force, all joint angles, and performance measurements
(peak power and mean power) for all positions. The strength of the correlation coefficients (1)
was interpreted as <0.3 (negligible), 0.3—0.5 (weak), 0.5-0.7 (moderate), 0.7-0.9 (strong), and

> 0.9 (very strong). (81)

DEPENDENT
INDEPENDENT Kinetic Kinematic Performance Control
-Peak power
-Neck angle -Peak power reach -Age
Relative load -Effective force -Shoulder angle -Mean power -Height
(3.4.5%) _Unused force -Elbgw angle -Peak RPM -Weight
“Force efficiency -Wrist angle -Mean RPM -Handedness
-Shoulder path length | -Anaerobic capacity -Grip
-Elbow path length -Anaerobic power strength
Sex -Range of motion -Fatigue index -MVIC
(M, F) -Total work

Table 3. List of variables.
4.6 Results

The demographic information of the participants is summarized in Table 4. Grip strength at the

12 o'clock (F1,16)=28.13, p <.001, np*> =.64), and 6 o'clock (F(1, 16)=20.42, p <.001 1> =.56)
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positions, as well as MVIC at 12 o'clock (F1, 16) = 28.57, p < .001, np*> = .64 ) and 6 o'clock
(Fa,16)=82.04, p < .001, np> = .83) positions were higher in males than females by 56%, 59%,

99% and 93%, respectively.

MVIC MVIC

Age Height | Mass Grip | Grip Dominant | Dominant
Sex Handedness 12 6
(years) | (cm) (kg) L=left ko) | (ke) arm at 12 arm at 6 Net Load
R= right (Newtons) | (Newtons) (kg)
Mal 267+ | 176.6 | 855+ R=8 36.5 | 379 | 3323+ 2787+ | 3%=2.6+0.5
a gs 25 | +48 | 167 L=1 £59 [ +£85| 721 32.4 4% =3.4+0.7
" 5%=43+0.8
F 1 258+ 163.2 | 66.8+ R=7 23.2 | 23.8 167.1 + 144.6 £ 3%=2+0.3
U | 26 | £74 | 118 L=2 |+43|£97| 583 304 | 4%=2.7+0.5
" 5%=3.3%0.6

Table 4. Demographic information of participants. Grip: grip strength and MVIC:
maximum voluntary isometric contraction.

4.6.1 Kinetics

Effective force
There were significant main effects for LOAD (F(2,32) = 20.05, p <.001 np? =.56), POSITION
(F3,48) = 94.76, p < .001 np* =.85), and SEX (F(1, 16) = 20.8, p < .001 np> =.61) on effective
force. Post hoc comparisons showed that as the load increased, there was a significant (p <.05)
increase in effective force by 25% from 3 to 4% load and 24% from 4 to 5% load. The effective
force was significantly greater and lower at the 12 (p <.05) and 3 (p <.05) o'clock positions,
respectively, compared to all other positions. Males produced 97% (p < .001) more effective

force than females (Figure 8).

There were significant interactions for LOAD x SEX (F2, 32) = 3.66, p <.001 np> =.18), LOAD
x POSITION (Fs,96 = 7.17, p < .001 np> =.31) and POSITION x SEX (F3,48)= 11.6, p < .001
N> =.42) on effective force. Post hoc comparisons for LOAD x SEX showed that males
produced a higher force at 5% vs. 3% (+53%) and 5% vs 4% (+33%) (p < .05) with no
difference between 3 and 4% loads. Females produced a higher force at 5% vs. 3% (+58.8%)
(p < .05), with no difference between 5% vs 4% or 4% vs 3% loads. Post hoc comparisons for

LOAD x POSITION and POSITION x SEX showed that males produced 109% more (p <.05)
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force than females, at 5% load in all positions. At 3% (+117%) and 4% (+70%) loads, males
also produced more force in all positions than females except for the 3 o'clock position (p <

.05) (Figure 9).

Unused Force
There were significant main effects for LOAD (F2,32)=7.74, p = .002 np> =.33) and POSITION
(Fa.68,268) = 12.7, p < .001 np> =.44) on unused force. Post hoc comparisons revealed that as
the load increased, there was a significant (p <.05) increase in unused force by 18% from 3 to
4% load and 28.5% from 4 to 5% load. Unused force was significantly (p < .05) different
between all positions, being greatest at the 9 o'clock position, followed by the 12, 3, and 6
o'clock positions (see Figure 9). There were no significant main effects for SEX (F, 16) = 2.7
p =.11 np* =.14) or any interactions on unused force for POSITION x SEX (F(1.68,26.8) = .57, p
= .54 np? =.03), LOAD x POSITION (FG.e2, s8) = 1.75, p < .15 np? =.0.9) or LOAD x

POSITION x SEX (F(3.62,58) = .85, p = .48 1> =.05).

Force efficiency

Significant main effects were found for POSITION (F(2.24,35.9) = 36.06, p < .001 1> =.69) and
SEX (F(1,16) = 4.82 p =.043 np? =.23), but not LOAD (F(1.24, 19.96) = 1.41, p = .26 np> =.08) on
force efficiency. Post hoc comparisons showed that force efficiency was significantly (p <.05)
different between all positions, being highest at the 12 o'clock position, followed by the 6, 9,
and 3 o'clock positions. Males were 11.7% (p <.05) more efficient than females.

Significant interactions for LOAD x POSITION x SEX (F3.5,56.09) = 3.22, p =.023 n p2 =.17)
on force efficiency. Post hoc comparisons showed that at 3% load, males were more efficient
(p <.05) than females by 14% and 24% at the 12 and 6 o'clock positions, respectively. At 5%
load, males were more efficient (p <.05) than females by 19% at the 9 o'clock position (Figure

8). Furthermore, males were more efficient p <.05) by 26% at the 3 o'clock position during 5%
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vs 3% load. There was no difference in force efficiency at 4% load nor differences in female

force efficiencies between loads (Figure 9).

4.6.2 Kinematics

Joint angles
Since the joint angles are constantly changing following the circular path of the crank, there
was a significant (p < .001) main effect for POSITION on all joint angles of the upper arm,
shoulder (F(13,29.6) = 509.6, p < .001 np> =.97), elbow (F2.14,343) = 181.8, p < .001 np? =.91)
and wrist (F(1.75,28.04) = 53.3, p < .001 np> =.76). Main effect of POSITION for neck angle was
reported individually (see below) since there is no previous description of how the joint moves

during high-intensity arm cycling.

Neck
There was a significant main effect for POSITION (F(3,48) = 16.47, p < .001 np*> =.51) and SEX
(Fa, 16 = 17.29, p < .001 np? =.52), but not LOAD (F2, 32 = 1.11, p = .34 np* =.06) on neck
angle. There was a significant interaction for POSITION x SEX (Fg,48) = 3.35, p = .03 np°
=.17). Post hoc comparisons showed that the neck angle was significantly (p <.001) different
between all positions, with greater flexion at the 9 o'clock position followed by the 6 and 3
o'clock positions. Males had ~16° more flexion (p < .001) than females across all positions

(Figure 10).

Shoulder
There was no significant main effect for any factor on shoulder angle. There were significant
interactions for POSITION x SEX (F(1.8,29.6) = 26, p < .001 np* =.62), LOAD x POSITION
(F.8,206)=61.31, p < .001 np*> =.79) and LOAD x POSITION x SEX (F1.8,29.6) = 509.57, p <

.001 n,* =.81) on shoulder angle. Post hoc analysis showed that at 4% load, females had 36°

and 29° (p < .001) more shoulder flexion than males at the 12 and 6 o'clock positions,
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respectively. In terms of LOAD x POSITION, at the 12 o'clock position, males flexed their
shoulders 28° (p <.001) more at 5% and 3% vs. 4% loads, and at the 9 o'clock position, females

had 5° (p <.001) more shoulder flexion at 4 and 5% than at 3% loads (see Figure 10).

Elbow
There were no significant main effects for LOAD (F(2,32)=.09, p =.90 n p2 =.06), or SEX (£,

16)= .54, p = 47 np> =.03) , nor significant interactions.

Wrist
There were no significant main effects for any factor on wrist angle. However, there were
significant interactions for POSITION x SEX (F@, 48 = 3.87, p < .05 np? =.19) and LOAD x
POSITION (Fs,96) = 7.38, p < .001 np? =.32) on wrist angle. Post hoc analysis showed that at

5% load, females had 17° (p <.001) more wrist extension than males at the 9 o'clock position.

Range of motion
There was a significant main effect for LOAD (F(2,32) = 5.93, p < .05 np> =.27) but not for SEX
(Fa, 16) = .005, p =.94 np*> =.00) on neck ROM. The post hoc analysis showed that neck ROM
increased from 3% (7.63° + 4.54) to 4% (9.22° + 5.18°) to 5% (11.87° £ 6.5°) load, with only
a significant (p < .001) difference between 3% and 5% loads. There was no significant

interaction of LOAD x SEX (F2,32) = .60, p =.53 np> =.037) on neck ROM.

There was no significant main effect for LOAD (F232) = .85, p = .43 np*> = .051) or SEX (F,
16)=1.87, p =.19 np* =.10), nor an interaction of LOAD x SEX (F2,32) = .61, p = .55 np? =.04)
on shoulder ROM. There was no significant main effect for LOAD (F(1.4,23.06) = 2.7, p = .103
Mp> =.14) or SEX (F, 16) = 1.23, p =28 np* =.07), nor an interaction of LOAD x SEX (F(1.4,
23.06 = .31, p = .66 np? =.02) on elbow ROM. There was no significant main effect for LOAD
(Fes2=2.5,p=.09 > =.13) SEX (F(, 16) = .600, p =.45 np? =.04), nor interactions of LOAD

x SEX (F232= 1.3, p= .28 np> =.07) on wrist ROM.
50



Shoulder path length
There was a significant main effect for LOAD (F(2,32) = 22.5, p < .001 1% =.58) but not SEX
(Fa,16) = .19, p =.67 np? =.01) on shoulder path length. Post hoc comparisons showed that
shoulder joint displacement significatively (p <.05) increased from 3% (236.3 + 51.07) to 4%
(271.7 £ 67.05) to 5% (300.4 = 69) load. There was no significant interaction of LOAD x SEX

(Fo,3:=2.29,p=.11n,>=.12).

Elbow path length
There was no significant main effect for LOAD (Fi2,32) = 317, p = .055 1 p2 =.16) or SEX
(Fa,16 = .62, p = .44 np? =.04) on elbow path length. There was a significant interaction for
LOAD x SEX (F2,32) = 5.45, p <.05 np> =.25) on elbow path length. Post hoc analysis revealed
that females had a greater (p < .001) elbow path length at 5% (888.9 = 93.4) vs 3% (808.8 +

63.12).

4.6.3 Performance

Peak power
There was a significant main effect for LOAD (F(1.25,20) = 72.29, p < .001 np? =.82) and SEX
(Fa,16)=10.4, p < .05 np> =.39) on peak power. Post hoc analysis revealed that the peak power
was 18% (p <.05) higher as the load increased from 3 to 4% and from 4 to 5%. Males produced
37% more ( p <.05) peak power than females (Figure 11). There was no significant interaction

of LOAD x SEX (F(1.25,20) = .76, p = .42 1> =.04) on peak power.

Peak power reach
There was a significant main effect for LOAD (F(123,19.7) = 15.15, p < .001 np? =.48 ) and SEX
(F,16)=49.3, p <.001 np> =.75) and there was a significant interaction of LOAD x SEX (F1.23,
19.7y= 11.84, p = .002 np* =.42) on peak power reach. Post hoc comparisons showed that males
took 10 times and 5 times longer (p < .05) to reach peak power than females at the 3% and 4%

loads, respectively, with no difference at the 5% load. For males, as load percentage increased
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from 3-5%, the time to peak power decreased (p < .001 ) from 14.5 to 3.4 to 1.9 seconds,

respectively (

Table 5).

Mean power
There was a significant main effect for LOAD (F(2,32) = 8.99, p <.001 np? =.36) and SEX (F(,
16) = 31.55, p < .05 np* =.66) on mean power. Post hoc analysis revealed that mean power
decreased (p < .001) by 4% from 3 to 4% and by 11.5% from 4 to 5% load. Males produced
109% (p <.001) more mean power than females (
Table 5). There was no significant interaction of LOAD x SEX (F(2,32)=.39, p = .68 1> =.02)

on mean power.

Peak RPM

There was a significant main effect for LOAD (Fi2, 32 = 13.67, p < .001 np? =.46 ) and SEX
(Fa,16)=31.55, p < .05 np? =.66) on peak RPM. Post hoc comparisons showed that peak RPM
decreased (p <.05) by 8.7% from 3 to 4% load and 2.4% from 4 to 5%. Males produced 13%
higher (p < .05) peak RPM than females. There was a significant interaction of LOAD x SEX
(F2,32)=4.62, p=.047 np> =.22) on peak RPM. Post hoc analysis showed that males were 25%
faster (p < .05) than females at 3% load. For males, peak RPM decreased (p < .001) by 16%
from 3 to 4% load and 16% from 4 to 5% load (

Table 5).

Mean RPM
There was a significant main effect for LOAD (F(2, 32) = 88.52, p < .001 np? =.84 ) and SEX
(Fa, 16 = 21.51, p < .05 np*> =.57) on mean RPM. Post hoc analysis showed that mean RPM
decreased (p < .001) by 36% from 3 to 4% and 33% from 4 to 5% load. Males produced 65%
more (p <.001) mean RPM than females (Figure 11). There was no significant interaction of

LOAD x SEX (F2,32=2.54, p=.09 np*> =.14 ) on mean RPM.
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Anaerobic capacity
There was a significant main effect for LOAD (Fi2, 32 = 11.11, p < .001 np? =.41 ) and SEX
(Fa, 16 =, p < 18.62.05 np? =.54) on anaerobic capacity. Post hoc test showed that anaerobic
capacity decreased (p <.001) by 3% from 3 to 4% and by 11.5% from 4 to 5% load. Males had
a 61% (p <.001) higher anaerobic capacity than females (
Table 5). There was no significant interaction of LOAD x SEX (F(2,32) = .08, p = .92 np*> =.005

) on anaerobic capacity.

Anaerobic power
There was a significant main effect for LOAD (F(1.16, 18.66) = 115.23, p < .001 1% =.88) but not
SEX (F(1,16) = 1.96, p = .18 np*> =.11 ) on anaerobic power. Post hoc analysis revealed that
anaerobic power increased (p < .001) by 20.5% from 3 to 4% and 18.6% from 4 to 5% load.
There was a significant interaction for LOAD x SEX (F1.26, 18.66) = 5.78, p = .023 np* =.26 ).
Post hoc analysis revealed that males have a 21% higher (p <.05) anaerobic power than females
at 3% (

Table 5).

Fatigue index
There was a significant main effect for LOAD (F(1.3,20.84) = 20.39, p < .001 np? =.56 ) but not
SEX (Fa,16)= 1.9, p=.18 np> =.11 ) on fatigue index. Post hoc analysis showed that the fatigue
index increased (p < .001) by 31% from 3 to 4% and by 37.6% from 4 to 5% load (see
Table 5). There was no significant interaction of LOAD x SEX on the fatigue index (£(1.3,20.84)

=142, p=.25m,2=.08).

Total work
There was a significant main effect for LOAD (F(2,32) = 8.99, p <.001 np> =.36 ) and SEX (F{1,

16) = 31.58, p < .05 np? =.66) on total work. Post hoc analysis showed that total work increased
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(p <.05) by 4.2% from 3 to 4% and 11.4% from 4 to 5% load. Males performed 109% higher
(» <.001) total work than females (
Table §). There was no significant interaction of LOAD x SEX on total work (F(2,32)=.39, p =

6412 =.02).
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Table 5. Performance value differences between males and females and between loads.

anaerobic

fatigue index, and TW: total work. *indicates significant differences (p <.05)

: peak revolutions

anaerobic capacity, AP

mean revolutions per minute, AC:

peak power, PPREACH: peak power reach, MP: mean power, PRPM

per minute, MRPM

PP
power, FI
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4.6.4 Change in power outputs between the loads
There was a significant main effect for LOAD (F(2,32) = 38, p <.001 np> =.704 ) but not SEX
(Fa,16)= .85, p =.371 np* =.05) on the change in peak power. Post hoc analysis revealed there
was significant (p <.001) power loss between the loads, with the highest power loss from 3 to
5% (-53%, 54.7 + 29.9 watts) followed by 4 to 5% (-46%, 63.7 £ 34.8 watts) and the smallest
loss was from 3 to 4% (-14%, 118.4 = 55.3 watts). There was no significant effect for LOAD
(Fa21, 1938 = 2.82, p =.103 np? =.150 ) or SEX (F1, 16) = .42, p =.52 np*> =.02 ) on change in

peak power.

4.6.5 Correlations
For the whole group, there was a positive correlation between effective force, peak power,
mean power, MVIC, and grip strength in all loads. For males, there was a medium correlation
between effective force and peak power with handgrip at 4% and a strong correlation between
peak power at 5% and MVIC. There were no significant correlations between any variables for

Females (Error! Reference source not found.).

All grip All Males grip Males Females grip Females
strength MVIC strength MVIC strength MVIC

p P-values| p P-values | p P-values | p P-values| p  P-values | p P-values

EF .780* <.001 |.735*% <001 |.65 .058 23 54 | .012 .97 354 35

3%/pp 750% <001 |669* <001 |66 052 |49 .17 |-001 99 |-18 .64
MP 841* <001 |835* <001 |.60 .083 |.65 .054 | 46 21 178 .64

EF .802* <001 [509* <001 |68* .044 |-27 47 | .67 047 | .49 17
4%pp 742* <001 |.739* <001 |67* .047 |.59 .09 |.092 81 32 .39

MP .804* <.001 |.741* <.001 |.58 102 46 21 16 .67 -28 46
EF .772* <.001 |.754* <.001 |.50 .16 320 .39 .017 .96 21 .59
5% PP .625* <.001 |.776* <.001 |.52 15 .83*% .006 13 72 44 23
MP .774* <001 |.772* <.001 |.45 23 46 21 .10 .79 .08 .84

Table 6. Pearson correlations between EF: effective force, PP: peak power, MP: mean power,
MVIC: maximal voluntary isometric contraction, and Grip strength. *indicates a significant
correlation (p <.05). The reference position for all variables was the 12 o'clock position.
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There was a positive, strong correlation for the whole group ( p <.05) between mass and height
and peak power and mean power at all loads. In males, there was a strong correlation between
height and weight for peak power in all loads and for mean power at 3%. Finally, there was a
strong correlation between weight and peak power at 4 and 5% for females but no correlation

for the other loads or mean power (Table 7).

Females

All weight All height Males weight |Males height| Females weight e

p P-values| p P-values | p P-values | p P-values| p  P-values | p P-values

PP 80* .001 |.70* .001 |77* .015 |73* .025 .54 132 20 .604

0
3A)MP J79*% <001 |.76* <001 |76* 016 |74* .023 | .63 068 1.004 .99

PP 88* <001 |.74* <001 |77* 0.14 [69* .038 |.93* <.001 43 24

0
4A)MP S59% 005 .66 005 .39 301 44 232 | -15 .69 -.66 .05

PP .90* .001 |.69* .00l |79* .01l |72* .030 |.97* <.001 42 26

0
5A)MP .62% 004 |.65% .004 |.36 336 36 340 | .37 328 -42 26

Table 7 Correlations between weight and height and peak power and mean power. *shows
significant correlations. PP: peak power and MP: mean power.

4.7 Discussion
To our knowledge, this is the first study determining the relative load, crank position, and sex-
specific differences in kinetics, kinematics, and performance parameters during the upper body
WAnNT. The effect of relative load on performance showed an increase in peak power,
anaerobic power, fatigue index, and total work as the load increased, whereas mean power and
anaerobic capacity decreased as the load increased. Power production was also sex-dependent.
Males had higher peak power and produced approximately twice the mean power than females.
These results were similar to the kinetics findings. Participants produced more effective and
unused force as the load increased, with no difference in force efficiency. Males produced twice
the effective force and were more efficient than females during the upper body WAnT. We also
found sex-dependent kinematic differences between males and females during the upper body
WAnNT. Males held a greater neck flexion throughout the WAnT, which increased with load,

whereas females had higher variability at the elbow joint and used greater wrist extension to
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overcome the 5% relative load. Thus, males and females employ different biomechanical
strategies during the upper body WAnT. The crank position also affected participant
biomechanics during the WAnT. The 12 o’clock position was shown to be the point with the
highest force efficiency, and the 3 o’clock position showed the lowest efficiency. Postural and
kinematic adjustments of the shoulder and wrist joints were also load and position-dependent.
Finally, we found non-sex-dependent positive correlations between grip strength and MVIC
with peak and mean power. There was also a positive correlation between weight and height,
peak power, and mean power. Overall, upper body WAnT performance is load- and sex-
dependent. The differences in WAnT performance as the load is increased and due to sex are,

in part, biomechanically driven.

4.7.1 Load and sex differences in the performance variables.
Peak and mean power have been the main focus of WAnT performance (82). Our results
showed that peak power increased and mean power decreased from 3-5% load. The peak power
increase at higher loads is consistent with previous literature in the lower body WAnT with
load increments from 8 to 9% BW (83,84) and in the upper body WAnT with loads from 5%
to 8% BW (59). However, in terms of mean power, the studies above performed on the lower
body showed that the mean power also increased at higher loads, but this was not the same for
the upper body. Forbes et al. (59) showed that mean power tended to decrease at higher loads
for trained and recreationally active males (it reduced after 7.5% relative load) and for trained
and recreationally active females (it reduced after 5% relative load). A potential reason for the
reduction in mean power in the upper body but not the lower body might be attributed to
differences in muscle size, force generation capacity, and fibre type distribution (11). Also, in
our study, males and females had different power production patterns at 5%. Females suddenly
dropped in power 15 seconds into the test vs. males, who progressively lost power over the 30-

second window load (see Figure 11). This difference could have influenced our results, leading
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to an underestimation of mean power for the whole group. Further research into the power
development at different time points of the WAnT is needed to understand sex and load effects

in power production.

In terms of specific sex differences, males produced 37% and 109% more peak and mean power
output, respectively, than females. These results agree with previous literature comparing male
and female power production. Bartolomei et al. (71) found that males produced 157% and
178% more power during a bench press throw (BPT) and countermovement jump power
(CMIJP), respectively, than females. Lovel et al. (65) compared males and females performance
on the lower body WAnT with a 5% BW load, finding that males produced 70% more peak
power and 124% mean power than females. Heller et al. (85) used five 7-second, ascending
loads sprints with interspersed breaks of 5 minutes for the upper (load:19.6 N to 58.8 N) and
lower (load: 29.4 to 68.6 N) bodies. They found that males had a higher peak power than
females, 43% in the lower limbs and 62% in the upper limbs. A study comparing anaerobic
performance in female and male wrestlers during lower body (load, males: 7.5%, females 6.5%
BW) and upper body (load, males: 5.5%, females 4.5% BW) WAnT found that males had a
62% higher peak and a 57% higher mean power than females in the lower body and a 102%
higher peak and an 82% higher mean power than females in the upper body (64). These studies
are comparable to our results in that males produced more power overall than females.
However, the percentage of power production difference between males and females reported
in these studies differs from ours. This can be explained because different load factors and
experimental set-ups were used in these studies with respect to ours. The power output
differences between males and females have been attributed to physiological differences such
as males having 1) 40% more muscle mass than females in the upper body (86), 2) a higher
number of type II fibres (87), and 3) a greater glycolytic capacity and a greater reliance on the

glycolytic pathways compared to females (88). Interestingly, the 100-150% difference in power
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production surpasses the percentages in anatomical differences between males and females
(around 40%), all the factors that contribute to the sex-related effects in power production have

not been described yet.

Another important factor regarding power production in the WAnT is the time in the test at
which the participant reaches their peak power, commonly known as peak power reach.
Previous literature has reported that peak power reach occurs within the first 5 seconds of the
WAnNT (14). In our study, the average male reached their peak power at 14 seconds against a
3% load, 3.4 seconds at 4%, and 1.9 seconds at 5%. This suggests that a 3% load is insufficient
to elicit the early onset of peak power in males. On average, females reached their peak power
in the first 2 seconds at 3% and in less than half a second at 4 and 5% loads. Therefore, female
power production is depleted within the first couple of cycles. These results suggest that the
optimal load for males and females needs to be determined individually. The first study on load
optimization of the WAnT defined the optimal load as the load at which the participant
produced the highest power output (peak power) (51). However, there is no agreement on the
most reliable measurement of anaerobic performance between peak and mean power to
determine the optimal load. It has been found that all-out tests lasting more than 10 seconds
largely depend on aerobic metabolism (57). Therefore, the optimal duration of the test and the
most reliable measures of true anaerobic performance are still up for debate. Most of the
literature in WAnNT has set the relative load in terms of a body weight percentage without
implementing a sex factor (57). Even when performance is normalized to body weight, as is
the case of anaerobic capacity (mean power/body weight) and anaerobic power (peak power/
body weight), our study showed that males still had 61% higher anaerobic capacity and 21%

higher anaerobic power, at 3% load, than females.

Similar to previous literature (89), we found a higher fatigue index and power drop at higher
relative loads during the WAnT. However, we did not find sex differences like previous studies

60



have reported during the lower and upper body WAnT, where males had a higher fatigue index
(21,65). The possible explanation for this phenomenon is that in our study, the difference in

peak power was 37% vs previous studies that reported up to 60% differences.

In order to find other potential factors that influenced performance in the upper body WAnT,
we performed Pearson correlations between MVIC, grip strength, weight, height peak power,
and mean power. Sex differences were found, with males producing higher MVIC and grip
strength than females, which is consistent with previous studies (90,91). Interestingly, there
were positive correlations at all loads between effective force (p >0.5, p >0.78), peak power (p
>(.66, p >0.75), mean power (p >0.75, p >0.74) and MVIC and grip strength respectively.
However, when separating males and females, the only significant correlations for males were
between effective force and grip strength and peak power and grip strength at 4% load and
between peak power and MVIC at 5% load. To our knowledge, no previous studies have
considered MVIC in the hand-cycling position or grip strength as potential indicators for
determining optimal load for upper body WAnTs. These factors can potentially establish a
relative load factor corresponding to individual characteristics, like sex, age, or training level
since previous studies have shown a correlation between force-velocity and power-velocity

development (60,85).

In terms of the correlations between height and weight and peak power/mean power production,
we found stronger correlations between weight and peak power (p >0.8) than between weight
and mean power (p >0.6) at all loads. Height correlated higher with peak power and mean
power at lower loads (p >0.7) than at higher loads (p >0.6). When correlations were run
separately for males and females, males weight correlated with peak power (p >0.8) at all loads,
but females just did at 4 and 5%. Males’ height also correlated with peak power at all loads (p
>().7), but there was no correlation for females. This result indicates that height may influence
power production because males have longer body segments, leading to a potential mechanical
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advantage. Further research is needed to establish the net impact of body segments length in
upper body power production and how beneficial it would be to find an optimal position to
perform the test that reduces the mechanical advantage that some individuals may have over

others.

4.7.2 Load, crank position, and sex differences in the kinetic variables.
Our results revealed that individuals produced more effective and unused force at higher loads.
When increasing load from 3 to 4%, males and females increased their force by at least 50%.
The similar increases in force for males and females were not the same for power. Thus, force
about the crank is not the only factor to help explain the differences between male and female

power output during an upper body WAnT.

In terms of force efficiency, males produced twice the effective force and were more efficient
than females at 3% and 4% load at the 12 and 6 o’clock positions. At 5% load, males were also
more efficient, but only at the 9 o’clock position (with the lowest mechanical advantage). It is
important to mention that it has been found that kinetics, kinematics, and performance have
been proven to be task-dependent. The current study had high relative forces (23 to 46 N)
cadences (88 RPM to 130), and the power produced was between 240 and 360 watts. Drongelen
et al. (92) studied arm cycling under resistances from 4.9 N to 24.30 N and showed that the
effective force increased as the load increased and that the highest force point was between the
3 o'clock and 6 o’clock positions. Kraaijenbrink et al. (75) measured the crank forces during
hand-cycling at different cadences (52 to 70 RPM) at three different resistances (0, 10, and 20
Watts). It was found that effective and unused forces and force efficiency increased as the
resistance increased, and the position in the cycle with the highest effective force occurred
between the 3 and the 6 o’clock positions. Kraaijenbrink et al. (72) found that effective force
is highest in the asynchronous mode for the push/press down phases (12 to 3 o’clock).
Quittmann et al. (26) examined the changes in hand-cycling propulsion due to increasing loads
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starting at 20 Watts, and they found that maximal torque occurred within the pull-down (3 to 6
o’clock) and push-up sector (9 to 12 o’clock), whereas the lowest torque and cadence occurred
during the lift-up (6 to 9 o’clock) during hand-cycling propulsion. Kraaijenbrink et al. (72)
compared the kinematics and kinetics of synchronous vs. asynchronous hand-cycling, finding
that effective force is highest in the asynchronous mode for the push/press down phases (12 to

3 o’clock).

In summary, the differences between the aforementioned studies and ours suggest that during
high-intensity cycling, the predominant phase is the pushing phase, whereas in low-intensity
hand-cycling, the dominant phase is the pulling phase. However, we must look at both arms
during the WANT to describe the force production strategy. Is it that people are pushing more
with their dominant arm or is it that they are pulling with the non-dominant arm to produce

overall power production.

To our knowledge, no previous study has determined sex differences in force production during
the WAnT. We found that males produced 97% more effective force, and they were 11.7%
more efficient than females. Females typically have 40% less muscle mass in the upper limbs
than males (86). Muscle strength, or force-generating capacity, is closely related to muscle
mass and cross-sectional areas (87,93). This suggests that anatomical features might affect the
ability of females to produce power or force. Even when normalized to the body weight,
females have a disadvantage when performing the upper body WAnT at the same relative load
as males. These findings in force production might be attributed to anatomical, physiological,
and metabolic differences between males and females. In terms of force production in
resistance training, it has been found that female strength as a percent of male strength is 46,
56, and 61% for the bench press, squat, and deadlift 1RMs, respectively (94). More data is
needed to describe the differences between male and female force production changes during
various exercise types since these differences are muscle and task-specific (95).
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4.7.3 Load, crank position, and sex differences in the kinematic variables.
To our knowledge, this is the first study to measure biomechanical variables of the upper body
WAnNT. Most literature on the kinematics of upper-body cycling has focused on specific arm
cycling tasks, such as competitive hand-cycling or wheelchair propulsion. In recumbent hand-
cycling, peak elbow extension and shoulder adduction occur at the furthest reach, as the arms
are maximally extended, while peak elbow flexion and shoulder abduction occur at the closest
reach, as the arm is maximally flexed. Shoulder flexion and extension occurred at the highest
and lowest points of the cycle (12 and 6 o’clock positions), respectively (96,48). In terms of
the wrist, the main action occurs when extending ~35° at the beginning of the pushing phase
(9 o’clock position) (28). The results above, as related to the current study of kinematics in the
sagittal plane (flexion/extension movements), must be interpreted cautiously as they might not
apply to arm-cycling sprinting. Additionally, in the current study, the configuration of the
ergometer and the intensity and speed variables differed from previous studies (26,30,49,97).
As Botzheim et al. (50) suggested, those differences affect muscle synergies activation and

could potentially change the kinematics of the movement task.

We found that at higher loads, there was a higher neck and shoulder flexion, and these flexions
were sex-dependent. Males flexed their necks 16° more than females during the whole WAnT
duration, and males’ neck ROM increased as the load increased. The neck and neck position
has been shown to play a vital role in the kinetic chains during locomotion and also plays a
vital role in balance and proprioception (98). Aruin and Latash (99) found that when humans
perform voluntary arm movement, postural equilibrium suffers because limb and body
geometry changes, reflecting a postural adjustment. Based on these findings, Hiraoka et al.
(100) explored if immobilization of the neck and trunk on arm-cycling induced depression of
leg motoneuron pool excitability. They found that the H-reflex depression during arm cycling

in the non-immobilized condition was significantly larger than in the immobilized condition,
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suggesting a relationship between neck and trunk posture during arm cycling performance. The
only study that explored the effect of posture on power production was done by Offley et al.
(101), who found that a neck flexion posture can potentiate performance in power production
during squatting. More research is needed on the role of the neck position in power production

tasks and the influence of sex on these parameters.

We also found sex differences in the movement pattern of the shoulder joint. Males flexed their
shoulders more at 5% and 3% compared to 4% load. Females flexed their shoulders more at
5% compared to 3 and 4% load. This could be related to the fact that 3% was a light relative
load for males, and the joint has a higher degree of freedom to perform the task. However, at
5%, the shoulder worked as the primary joint to generate more power for males and females

with increased shoulder flexion, especially at the 12 o’clock position.

The elbow joint did not show any significant differences between loads. A reason for this can
be the limited degrees of freedom determined by the circular path of the crank, limiting its
movement to a flexion-extension trajectory. Lower limb cycling has shown differences mainly
in the hip and ankle joints at different loads (29,73,74). This might mirror our results in that
the most proximal and distal joints have higher adaptations when changing loads than the
middle joints (knee or elbow). Joints like the knee and elbow are more restricted to the circular
path of the crank (102). However, in our study, females had higher variability in the elbow
joint at higher loads, which might suggest the use of more distal joints when females cycle
against heavier loads. Furthermore, females also showed an increased wrist extension by 17°
when arm cycling against a 5% load at the 9 o’clock position, a position with a higher
mechanical disadvantage. The fact that wrist extension did not occur in females suggests that
wrist extension might represent a mechanical disadvantage for power production since previous
studies have described wrist stiffness as an essential strategy to improve distal force
transmission, especially at higher loads (26).
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RPM or angular velocity is another kinematic factor interpreted as a performance index. As
mentioned in previous sections, force is not the only determinant variable for power production
since power is a product of force times velocity. Our study showed that there was a reduction
in peak RPM for males at higher loads. However, females kept the same angular velocity
between loads. Our findings are similar to previous studies that showed that males produce 25-
30% higher peak RPM than females (65,84). This finding is important since it suggests that
power production in males relies on their force production but not their capacity to generate
speed. Females keep the same speed independently from the load even when producing
significantly less force than males. There is less research on the impact of different loads on
RPM and its potential to explain the different strategies used by males and females when

performing the upper body WAnT.

Finally, we did not find statistical correlations between kinetic, kinematic, and performance
factors. However, our results suggest that the big difference in performance between males and
females might be attributed to a difference in force production and not to differences in angular
velocities during the test. Additionally, the body weight factor might not be appropriate to
compare within and between males and females since it overlooks anatomical and

physiological differences in the power production of the upper body.

4.8 Methodological considerations.
In this study, several methodological aspects warrant careful consideration, such as using just
2D kinematics, evaluation of only one side of the body, variability in height and weight among
participants, and the absence of body composition and metabolic data. Although a practical and
highly validated approach, 2D kinematics presents inherent limitations in capturing the full
range of movement. Since arm cycling occurs mainly in the sagittal plane, 2D kinematics have
high reliability for uni-planar findings. However, using 3D kinematics could provide a more
comprehensive assessment of three-dimensional motion, like shoulder adduction or abduction,
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that has been reported in previous studies (76). Therefore, any conclusions drawn from this
data should be made with the understanding that they may not fully represent the complexities

of upper body motion.

Limiting the analysis to only one side of the body rather than both might overlook potential
bilateral differences in performance and kinematics. This approach may also neglect significant
asymmetries, which can be critical in understanding upper body anaerobic power, especially
in sports or activities that involve unilateral movements. Furthermore, when analyzing
kinematics, previous studies on lower-body cycling (29,43) have included the upper and lower
body, even when the main body segments in action were the legs. In our study, we isolated the
analysis of the upper body, disregarding the potential contribution of the lower body and the
trunk to the performance and the kinematic strategies during the upper body WAnT. Future
studies should implement the analysis of joints like the trunk, scapula, hip, knee, and foot. Our
observation shows considerable movement in the lower body, especially at higher intensities.
This might be useful to understand how lower body and trunk postural perturbations during the
upper body WAnT are affected by load, sex, and crank position and their effect on the upper

body during the upper body WAnT.

The variability in height and weight among participants may introduce confounding factors for
WANT performance. Varying weight and height impact lever lengths, muscle attachments, and
overall biomechanics, potentially influencing the performance and kinematic outcomes. While
it is challenging to homogenize height and weight in a diverse sample, statistical control
measures or subgroup analyses may help address this issue. Also, body weight is very relevant
since it is currently used as the relative load factor. Similar to our study, most WAnT research
normalizes all test participants to their total body mass. However, this factor was established
more than 50 years ago, and from our results and previous studies, it needs further investigation
to develop a factor that includes sex, kinetic, kinematic, and performance factors.
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The absence of detailed body composition data, such as muscle mass, is a limitation in this
study. Muscle mass variations between groups can significantly influence power production,
particularly in anaerobic activities. The lack of body composition data makes it challenging to
control for these differences. Future studies should consider collecting body composition
information to pair-match participants based on muscle mass, reducing the influence of this
variable. Also, anthropometric measures like body segment length could provide valuable

information to understand the interaction between the upper limbs and the ergometer.

Including females in force or power production studies has been controversial in
exercise and sports sciences (103). The main reason to exclude women was the potential
variations in performance due to changes in the menstrual cycle. Our study did not control this
factor since recent research has shown that menstrual cycle changes do not significantly impact
the strength of female power production (104,105). However, more research is needed to
determine if hormonal factors affect performance during the upper body WAnT test for both

males and females.

Finally, it is recommended that future studies perform inverse dynamics analysis with the
kinetic and kinematic data to evaluate joint torques and mechanical stress for each body part.
This information could be beneficial in describing the optimal loads to enhance performance

and reduce injury risk when using upper-body sprinting as a training method.

Conclusions

In conclusion, this study showed that load, crank position, and sex influence upper body
WAnNT. The conventional practice of selecting load relative to body weight appears to be
suboptimal, especially for females, as it significantly hampers their performance. Our findings
emphasize using mean power instead of peak power as a reliable and sensitive performance

indicator, particularly for assessing the effects of load variations and sex differences.
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A notable aspect for further investigation is the distinctive neck flexion strategy observed in
males, which seems to enhance their performance. A deeper understanding of this strategy
could provide insights for optimizing test outcomes and training protocols. Additionally, it
becomes evident that there is a need to expand the analysis to include not only the upper body
but also the trunk and lower body, which can substantially impact power output during the
WAnNT. By exploring these aspects further, a more comprehensive understanding of the factors

at play in upper body WAnT performance can be achieved.

Given these findings, further research should focus on developing an approach that creates a
relative load factor that accounts for sex differences, kinetics, and kinematic strategies. That
would allow for a more equitable evaluation of upper body Wingate test performance and

improved training and assessment practices guidance.
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B) 4% and C) 5%. Females are represented in red and males in green. Means are shown as solid
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* represents significant differences (p <.05) between sexes at each position for each load. The
X-axis represents a complete cycle from 0-100%; under the axis, the crank graphic represents
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Figure 9. Effects of different loads on the crank forces for A) females and B) males. The
different loads are represented in the figure as Red 3%, Green 4%, and Blue 5%. Means are
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mean. Significant differences are reported as (p <.05). Symbols represent significant
differences between loads: *3 vs 4%, {4 vs 5%, and 3 vs 5. The X-axis represents a complete
cycle from 0-100%; under the axis, the crank graphic represents the cycle positions, starting at
the 6 o’clock. The Y-axis represents the force in newtons for effective and unused force; the
force efficiency index represents efficiency from 0 - 1.2 (0= 0% efficiency and 1.2=120%
efficiency).
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summary on the progress of your research. When the project no longer involves contact with human
participants. is completed and/or terminated. you are reguired to provide an annual vpdate with a brief
final summary and your file will be closed. All post-approval ICEHR event forms noted above must be
submitted by selecting the .4pplications: Post-Review link on your Researcher Portal homepage. We
wish you success with your research.

Yours sincerely,
Yoer & Drome
L/

James Drover, Ph.D.

Vice-Chair. Interdisciplinary Committee on
Ethics in Human Research

ce: Superviser — Dr. Duane Button, School of Human Kinetics and Recreation
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