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Abstract: Upper extremity injuries are common in baseball. One of these is the ulnar collateral
ligament (UCL) injury. In the field of sports injuries, most research focuses on average kinematics
and kinetics between subjects, whereas focusing on within-subject variability appears to be more
relevant for determining injury risk. We constructed a simple explanatory simulation model to
illustrate the relationship between within-subject load variability and risk, illustrating how pitchers
with a higher load variability are more likely to sustain an injury compared to pitchers with less
load variability. Furthermore, the model comprises the (theoretical) effect of fatigue on load
variability and injury threshold over time.
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1. Introduction

Ulnar collateral ligament (UCL) ruptures are common in baseball. Among professional players,
more than 10% have had a UCL replacement also called a Tommy John Surgery, during their career.
Pitchers have a significantly higher prevalence rate of 16% [1]. The incidences of UCL reconstruction
are increasing, especially in young players [2]. To reduce injuries necessitating a Tommy John
surgery, a better understanding of the injury mechanisms is important.

Why do 16% of the pitchers sustain a UCL injury, while others do not? Most studies investigate
the group averages of kinematic and kinetic variables in relation with performance or injuries,
starting from the assumption that these variables relate to overloading of the UCL. It is, however,
probably more relevant to focus on within-pitcher variability as well as the average magnitude of
load. This assumes that an injury occurs when a peak load exceeds a certain injury threshold and that
a large variability, in combination with a high average magnitude, will increase the risk of reaching
that threshold. Based on the magnitude of individual variability, some individuals will have a higher
risk compared to others. Individuals with lower load variability are less likely to sustain an injury
compared to individuals with a higher load variability (Figure 1a). Furthermore, this variability is
likely influenced by different factors such as fatigue or intersegmental coordination.

The UCL resists an external valgus torque during the baseball pitch. This external valgus torque
stresses the UCL, which counteracts this by an internal varus torque. To determine the UCL injury
risk, the UCL load needs to be determined. It is, however, not possible to measure UCL loading
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directly during the baseball pitch. Therefore, researchers have used inverse dynamic analysis to
calculate the varus—valgus torque during the baseball pitch [3], which can be seen as a proxy for UCL
loading. At a certain peak load, the UCL will give in or tear; the magnitude of which cannot be
concluded from the inverse dynamic analysis. For this reason, researchers have tried to estimate the
ultimate peak load and ultimate valgus torques of the UCL with in-vitro studies [4,5]. This in-vitro
peak load or ultimate valgus torque can be assumed as the injury threshold.

The purpose of this paper is to illustrate the concept of individual pitcher load variability in
relation to injury risk.

2. The UCL Ultimate Strength as a Proxy of the Injury Threshold

UCL strength has been estimated with in-vitro studies. Most of the in-vitro studies have
investigated the ultimate valgus torque that the UCL could resist by applying a torque around the
elbow. They found that the UCL could resist a valgus torque of approximately 30 Nm [5,6]. Dividing
these torques by the torque arm (the distance between UCL position and the rotation center) indicates
the force the UCL has to resist, which unfortunately can be difficult to determine due to unreported
or an undefined definition of lever arms. Two other studies used bone-to-bone complexes to
investigate the ultimate force, and found values of approximately 260 N to 293 N [4,7]. These studies
used adult cadavers with a mean age around 54 years and most likely no history in baseball. While
short-term repetitive loading might lead to a decrease in strength, long-term regular loading of a
ligament will probably increase its load capacity, which would imply that a strength scaling factor
for baseball players might be necessary.

The short-term relationship between regular loading and UCL ultimate strength is unknown.
None of the in-vitro studies have investigated the influence of fatigue and creep on the UCL ligament.
From animal studies, it is known that rabbit ligaments show non-linear viscoelastic behavior over
time [8]. Furthermore, in rabbit ligaments, tensile fatigue loading (cycle- and time-dependent)
appeared to be more damaging than creep (time-dependent) [9]. Future research should investigate
the influence of adaptation to understand its effect on UCL strength threshold.

3. Within-Pitcher Load Variability and Fatigue

Gaining insight in the magnitude of within-pitcher load variability and an estimated injury
threshold will provide more information about the possibility of the occurrence of UCL injuries. To
illustrate the influence of variability, and to lay out the basis for a predictive injury risk model, we
constructed a simple explanatory simulation model. In this model, the inputs were the average UCL
load (N), the number of balls pitched, the variability of the UCL load (N) (modeled as a Gaussian
distribution) and the injury threshold, as well as the influence of time-dependency on the last two
variables. We ran this computer simulation model three times to explain the influence of variability
and fatigue.

3.1. Within-Pitcher Load Variability in Relation with Injury Risk

e  Simulation 1: in this simulation (Figure 1a, blue dots), 100 throws were simulated. The injury
threshold was set at 260 N based on the in-vitro studies. The UCL load is unknown during
pitching, therefore the average UCL load input was 220 N based on 85% of the injury threshold.
The variability factor was modeled as an input factor (in this simulation 12) multiplied with a
random number extracted from a Gaussian distribution with a zero-mean. Each blue dot
represents the simulated theoretical force on the UCL by one pitch. In this particular case, the
injury threshold was not exceeded. This is also represented in the histogram of Figure 1b.

e Simulation 2: This involved running the simulation program again (Figure 1a, red dots) with the
same average UCL load and number of pitches, but with an arbitrarily increased variability of
33.3% (input factor of 16). It was shown that the injury threshold was exceeded once at pitch 8.
Increasing the variability of the force on the UCL will increase the likelihood of exceeding the
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injury threshold. This means that a pitcher who throws with a higher variability (Figure 1c) will
have a higher injury risk when compared to a pitcher with a lower variability (Figure 1b).
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Figure 1. (a) The force on the ligament by different of pitches over time. Red dots: data from
simulation 1 with a low variability; blue dots: data from simulation 2 with an increased variability.
Red line: injury threshold. (b) The force distribution of simulation 1. (c¢) The force distribution of
simulation 2 with an increased variability. Red vertical line in both lower panels: injury threshold.

3.2. Influence of Fatigue on Load Variability and Injury Threshold

In the above simulation, program time had not yet been considered. However, it is known that
the number of pitches thrown per inning, game or season have frequently been associated with higher
injury risks in UCL injuries [10,11]. This could mean that fatigue will increase load variability;
conversely, it will decrease the injury threshold. Within one training session, pitchers show fatigue
during pitching, which can be seen in kinematics and kinetics [12]. Fatigue could have an influence
on the variability of the UCL loading. Unfortunately, the influence of fatigue on load variability has
never been investigated by means of experimental studies. Based on the idea of maintaining
performance, compensation will occur which will increase the UCL load, although due to a reduced
load capacity the UCL load will decrease. Based on this educated estimate, we assume that the
relation between load variability and fatigue is non-linear. Therefore, we modeled this as a quadratic
function with an intercept of 1 (Figure 2a, blue line) and multiplied with the variability.

The injury threshold could change over time within a training session or match and between
trainings and matches, which will result in a positive or negative adaptation. Within a training session
or match, the load capacity of the UCL will probably adapt negatively due to repetitive movement
and fatigue. Based on the in-vitro studies discussed in section 2 [8], we added the non-linear effect of
fatigue to the injury threshold. This non-linear effect was modeled as a quadratic function and
subtracted from the in-vitro peak injury threshold of 260 N (Figure 2a, red line).

*  Simulation 3: In the third simulation the same input as simulation 1 was used, but this time the
influence of fatigue was added to the UCL load variability and the injury threshold. The simulation
showed an increased variability and a decreased injury threshold over time, which results in a
higher chance of sustaining an injury.

This simple explanatory simulation model will be used in the future as the basis for a feedback
tool, although the model will of course need more reliable input (and/or output) variables to be useful
for prediction purposes. Most important is the input of the UCL loading during every pitch. In the
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simulations, the average UCL load was estimated based on 85% of the injury threshold. However, to
predict the injury risk for an individual pitcher, the UCL load has to be estimated in vivo.
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Figure 2. Data for simulation 3. (a) Blue line: non-linear fatigue variability factor over time. Red line:
Non-linear negative adaptation of the injury threshold within a training/match. This curve is also
represented in the lower panel. (b) The influence of a higher load variability on the UCL over time
due to fatigue. Red line: the injury threshold, influenced by a non-linear negative adaptation within

a training session or match.

4. UCL Loading during the Baseball Pitch

The UCL force cannot be measured directly during pitching. Therefore, inverse dynamics were
used. With the upcoming trend of musculoskeletal modeling, it becomes possible to calculate the
UCL loading in more detail, although these models are not well validated for high-end sports
applications. As a consequence, many studies on UCL load use the elbow valgus torque as a proxy
for UCL load in relation to injuries. In multiple studies, across various levels of pitching and ages of
the pitcher, the peak external valgus torque is in a range of 45-120 Nm [3].

From some recent publications the kinematic variability within pitchers can be estimated [13].
However, none of these studies have investigated the within-pitcher variability of the UCL loading
or an equivalent of UCL loading. For a predictive model on injury risk, it is adamant that the within-
variability of the UCL loading is known. There is also a need for more insight into the influence of
fatigue on UCL load. Birfer et al. (2019) have shown that fatigue is linked to pain, injuries and
kinematics [14]. However, the influence of fatigue on the variability of the UCL loading is unknown.

5. Discussion

The purpose of this paper is to outline a model for the prediction of injury risk in pitching.
The simple explanatory simulation model illustrates the multicausality of injury risk, as well as the
time-dependency of this risk.

Using the available results of in-vitro studies, educated guesses can be made for the model
parameters, while the results from the inverse dynamics in the baseball pitch can be used as
indication for the variability on UCL loading. Using the external valgus torque seems practically
more achievable than calculating the UCL force. However, this torque exceeds the ultimate valgus
torque of the in-vitro studies in every pitch with at least 15 Nm. These differences may be due the
assumptions in the inverse dynamic models, which are mainly based on segment fixed three degrees
of freedom models. Most studies assume the rotation center in the middle between the lateral and
medial humeral epicondyle, although the exact rotation center in the elbow is unknown. To



Proceedings 2020, 49, 107 50f6

determine the influence of this assumption, the varus-valgus torque was estimated by inverse
dynamics with three different simulated rotation centers during a baseball pitch: in the middle
between both epicondyles, 90% in the direction of the lateral epicondyle, and 90% in the direction of
the medial epicondyle (Figure 3a). Details of the inverse dynamic method can be found in the study
of Leenen et al. [15]. The results show small differences over time; however, at the instant of the peak
external valgus torque it is negligible, which does not explain the torque differences between in-vitro
and inverse dynamics. The center of mass position is, for example, more important in terms of peak
external valgus torque (Figure 3b). Joint geometry and/or muscle force are in principle able to resist
at least part of the elbow external valgus torque and might explain this difference. Several forearm
muscles have the potential to resist the external valgus torque [16]. The muscle onset of these muscles
could influence the load distribution on the UCL. For instance, if the activation is inappropriate, the
UCL will be stressed more. However, information about the exact muscle onset in relation to the peak
external valgus torque is absent due to the generalization over phases of the pitch cycle. Therefore,
future studies should investigate the potential shielding effect of muscles around the elbow during
the baseball pitch. In conclusion, the external valgus torque is most practical as an input for the model;
however, we need to understand the distibution of this torque over UCL, muscles and joint geometry.
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Figure 3. The effect of the location of the choice of the elbow rotation center during a baseball pitch
(23 year-old pitcher, ball speed: 83 mph) on the varus—valgus torque. (a) One baseball pitch with three
different simulated rotation centers. (b) The effect of the position of the center of mass on the varus—
valgus torque, conventional simulation (blue line), based on Zatsiorsky regression equations [17].

It is generally accepted that fatigue has an influence on load variability. The literature shows
that fatigue is associated with injuries, and, therefore, it is likely that fatigue within one training
session or match increases the load variability and decreases the injury threshold over time. When
fatigue was added to our model, the likeliness of exceeding the injury threshold increased. For now,
the influence of fatigue on the injury threshold was modeled as a quadratic non-linear effect based
on animal studies. The exact non-linear relation of fatigue to the UCL loading should, however, be
investigated in the future. The same should be done for the influence of fatigue on load variability.

6. Conclusions

Investigating the individual load variability of pitchers shows its potential toward injury
prevention. All pitchers are at risk of sustaining an injury; a higher load variability, higher magnitude
and longer exposure all increase this risk. To develop a predictive model for this risk, more
information on all parameters is needed, but probably most importantly are those on the magnitude
of the variability component.
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