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Magnitude and variability 
of individual elbow load 
in repetitive baseball pitching
Bart van Trigt 1*, Thomas van Hogerwou 1, Ton A. J. R. Leenen 2, Marco J. M. Hoozemans 2, 
Frans C. T van der Helm 1 & DirkJan H. E. J. Veeger 1

In baseball pitchers the elbow is exposed to high and repetitive loads (i.e. external valgus torque), 
caused by pitching a high number of balls in a practice session or game. This can result in overuse 
injuries like the ulnar collateral ligament (UCL) injury. To understand injury mechanisms, the effect 
of repetitive pitching on the elbow load magnitude and variability was investigated. In addition, 
we explored whether repetitive pitching affects elbow muscle activation during pitching. Fifteen 
pitchers threw each 60 to 110 balls. The external valgus torque and electromyography of three 
elbow muscles were quantified during each pitch. Linear mixed model analyses were performed to 
investigate the effect of repetitive pitching. On a group level, the linear mixed models showed no 
significant associations of repetitive pitching with valgus torque magnitude and variability and elbow 
muscle activity. Significant differences exist between pitchers in their individual trajectories in elbow 
valgus torque and muscle activity with repetitive pitching. This shows the importance of individuality 
in relation to repetitive pitching. In order to achieve effective elbow injury prevention in baseball 
pitching, individual characteristics of changes in elbow load and muscle activity in relation to the 
development of UCL injuries should be investigated.

High performance in physical sports is closely related to musculoskeletal injuries. In baseball pitching, for 
instance, an important performance outcome is ball speed. For high performance, i.e. a high ball speed, a fast 
full-body motion is required, which exposes the musculoskeletal system to high mechanical  load1. More specifi-
cally, in baseball pitching, the elbow is exposed to significant loads that might result in (overuse) elbow injuries. 
Most injuries at the elbow are on the medial  side2, and more specifically on the ulnar collateral ligament (UCL). 
UCL injury rates in baseball pitching at all levels of play have gradually increased over the  years3,4, as has sur-
gery as a treatment option that involves reconstructing the  UCL5, also known as the Tommy John surgery. To 
prevent injuries and the need for surgery among pitchers, it is crucial to understand the mechanisms of injury. 
This understanding can aid in the development of effective preventive measures.

Biomechanics could help to understand the injury mechanisms. It is stated that overuse injuries result 
from repetitive loading and cumulative bouts of activity and its interaction, defined as the mechanical fatigue 
 phenomenon6. In terms of UCL injuries in baseball pitching, it is thus important to quantify the cumulative 
activity and the exposure to UCL load, preferably in terms of frequency, magnitude, and duration. Pitch count 
is an easy way to quantify the frequency and studies have shown that it is related to UCL  injuries7,8. However, 
mechanical fatigue tests have shown that the risk of overuse injuries increases substantially with loading mag-
nitude rather than loading cycles (i.e. frequency)6. The external valgus torque is frequently used as a proxy for 
UCL loading, as it is known that the UCL at least partially resists this  torque9–11. Hence, a good measurement 
for the magnitude in baseball pitching is the external valgus torque. Thus, in baseball pitching, the pitch count 
and valgus torque, and its interaction seem important in relation to UCL injuries.

The external valgus torque around the elbow is generated by a rotational inertia component: a resistance to 
angular accelerations, and a translational inertia component: a resistance to linear  accelerations12. The magni-
tude of the valgus torque depends on the position of the arm as well as the accelerations and is thus influenced 
by adjustments in pitching technique. Biomechanical changes and thus alteration in the external valgus torque 
might be related to changes in pitching technique because of a high number of balls in a practice session or dur-
ing a match (i.e. repetitive pitching).
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Three studies investigated the effect of repetitive pitching on the external valgus torque magnitude for different 
levels of  play13–15. Darke et al.13 reported that the external valgus torque did not significantly change after throw-
ing 75 balls in youth baseball  pitchers13. Escamilla et al.14, who compared the external valgus torque between the 
last and the first inning of a simulated game, with an average of nine fastballs within each inning, also found no 
significant difference at the group level among collegiate pitchers. Murray et al.15 compared the valgus torque 
during a single pitch of the first inning with one from the last inning in professional baseball  pitchers15, and also 
did not find significant differences on a group level.

Recently, we showed that within-individual load magnitude and variability differ among pitchers and that 
especially this variability might be related to overuse  injuries16. A higher within-individual load variability 
increases the risk of sustaining an injury as, while the average load remains equal, more extreme values, closer 
to or even over the acute overuse injury level are likely to occur. Therefore, it is preferential to include multiple 
pitches in the analysis of an individual to investigate the effect of repetitive pitching on the elbow valgus torque 
magnitude and variability.

While investigating the association between repetitive pitching and UCL injuries with the external elbow 
valgus torque as elbow load measure, it should be noticed that the UCL is not the only structure that resists the 
external valgus torque. The elbow muscles can directly, via the flexor-pronator muscle group (FPM), and indi-
rectly, via the co-contraction of the biceps and triceps muscles in relation to the joint geometry, counteract the 
elbow valgus  torque9,10. The valgus torque is thus distributed over these structures, where the muscles might shield 
the UCL from high loads. In a previous study, we reported FPM activity at maximal external shoulder rotation, 
the critical moment when the peak external valgus torque  occurs17. In addition, the biceps and triceps muscles 
were shown to be active at this critical  moment17. A change in the muscle activation at the moment of the peak 
external valgus torque, due to for example a late onset or reduced muscle activity, could increase the UCL load 
while the external valgus torque remains the same. A prediction model by Sonne &  Keir18 demonstrated that 
significantly more FPM muscle fatigue existed when the time between adjacent pitches was shorter. (8 seconds 
compared to 20 seconds)18, but possible changes in muscle activation in relation to repetitive pitching have not 
yet been subject of study.

The aim of this study is to determine whether there is a change in within-individual load magnitude and 
variability as an effect of repetitive pitching due to musculoskeletal fatigue-related kinematic changes during 
pitching. Based on the current literature it is expected that elbow valgus torque magnitude will not change with 
repetitive pitching, whereas the relationship of variability with repetitive pitching is difficult to predict. In addi-
tion, we intend to determine if and how repetitive pitching affects the activation of the FPM, biceps, and triceps 
during pitching.

Methods
Participants
Data were collected from fifteen healthy male baseball pitchers. Mean age was 24.5 years (SD 7.5), body height 
191 cm (SD 5), body mass 79.4 kg (SD 9.2), and average ball speed 67mph (SD 4). Of the fifteen tested pitchers, 
11 were right-handed. Most participants were pitching at a recreational level, with two participants playing at 
the highest level and one pitcher at the second highest level in the Netherlands. Specific individual information 
can be found in Table 1. None of the participants had experienced any musculoskeletal injuries in the past six 
months nor had they received elbow surgery in the past. The study protocol followed the guidelines stated in 
the Declaration of  Helsinki19 and was approved by the Ethics Committee of the Delft University of Technology 
(HREC). Participants were informed of the procedure before the start of the measurements. Informed consent 
was obtained before involvement in the study.

Procedure
The measurements were performed at the indoor human movement laboratory of the Department of Human 
Movement Sciences at the Vrije Universiteit Amsterdam, The Netherlands. Fourteen reflective markers were 
placed on anatomical bony landmarks of the participants with double-sided tape (see Table 1). Electromyogra-
phy (EMG) electrodes were placed on the skin of the throwing arm and an accelerometer was attached to the 
sternum below the incisura jugularis. The participants wore their own shoes, athletic shorts, and baseball glove, 
but no shirt. Prior to performing fastball pitches, participants had to perform maximum voluntary contrac-
tions for each muscle separately (MVC, see Table 1,  Supplementary Materials). Participants gradually built-up 
muscle force and held this for 3 seconds. Each MVC was repeated three times. After performing their regular 
warm-up, the participants were instructed to pitch fastballs at full effort. Ten fastball pitches were performed 
within a block of pitches, with two minutes rest between each block. Before the start and between 10 blocks of 
pitches, the participants were asked about their self-perceived fatigue with the following text: “Place a vertical 
line on the visual analog scale shown below in which way you are overall fatigued”. The visual analog scale (VAS) 
ranged from totally not fatigued (0%) to extremely fatigued as possible (100%). Participants were instructed to 
stop when having thrown 110 fastballs or when their VAS score reached 80%. The minimum required number 
of pitches was 60. To investigate the effect of fatigue on variability, all the pitches were measured and included in 
the analyses. Participants pitched from a pitching mound (height 0.55m) towards a strike zone (height 0.71m; 
width 0.43m), at 18.66 m.

Data acquisition
Kinematics and ball speed
Marker positions were recorded using an OptiTrack motion capture system with twelve cameras sampling at 
120 Hz (OptiTrack Flex 13, OptiTrack™, Corvalis, United States). The OptiTrack system was calibrated to define 
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camera position and orientation and to construct a convenient global coordinate system. The ball speed was 
measured behind the strike zone using a stalker pro radar gun (Stalker Radar, Plano, TX, USA).

Electromyography
Muscle activity of three elbow skeletal muscles of the throwing arm was measured using bipolar surface electro-
myography (sEMG). The flexor pronator mass (FPM), biceps brachii (BIC), and triceps brachii (TRI) muscles 
were measured (Table 2). The electrode locations were based on the SENIAM guidelines (Hermens et al. 1999)20. 
The reference electrode was placed on the clavicle of the non-throwing arm. Disposable bipolar electrodes (Ag-
AgCl; 1  cm2 recording area; Blue Sensor Electrodes N-00-S, Ambu Inc., USA) were attached in the direction of 
the muscle fibers with 2 cm distance between the centers of the electrodes. Before the electrodes were attached, 
the skin was shaved and cleaned using alcohol. The electrode cables were fixated to the skin to avoid cable move-
ment artifacts in the signal and to minimize the risk of loosening of the electrodes from the skin during pitch 
movement. The cables were connected to a BioPlux research device (Plux biosignals, Lisboa, Portugal), with 
16-bits analog channels, a gain of 506, and an analog 25-500Hz band-pass filter. All consecutive fastball pitches 
of a participant were recorded in one EMG dataset at a sampling frequency of 2000Hz and locally stored on the 
BioPlux research device.

Table 1.  Table shows characteristics of each participant. Age is in years. The level in the Netherlands range 
from low to high in the order of 6th recreational level, 4th recreational level, 3rd recreational level, 2nd 
recreational level, 1st recreational level, 2nd professional baseball league, highest professional baseball league. 
Pitching experience is in years. Body length is in meters and body weight is in kilograms. The average ball 
speed is in mph.

Participant number Age Level Pitching experience Type of pitcher Body length Body weight
Average ball 
speed

1 22 4th recreational level 10 Reliever 1.89 73.4 66

2 19 Highest professional 
league 11 Starter 1.93 85.9 74

3 25 4th recreational level 5 Starter 1.96 88.9 65

4 29 3rd recreational level 20 Reliever 1.91 78.5 67

5 44 6th recreational level 32 Starter 1.99 102.5 62

6 24 4th recreational level 12 Starter 1.85 71.0 68

7 18 1st recreational level 5 Reliever 1.91 75.9 70

8 17 1st recreational level 4 Starter 1.83 62.7 66

9 23 Highest professional 
league 5 Reliever 1.97 85.0 75

10 21 1st recreational level 12 Reliever 1.89 78.1 61

11 37 2nd recreational level 26 Starter 1.85 82.2 66

12 26 2nd recreational level 12 Starter 1.94 74.8 63

13 17 2nd professional league 5 Starter 1.92 81.9 73

14 24 4th recreational level 6 Starter 1.88 75.5 62

15 20 2nd recreational level 7 Starter 1.99 74.3 69

Table 2.  Electromyography electrode position and orientation.

Muscle (group) Electrode position and orientation Electrode placement

m. biceps brachii (Bic) On the line between the medial acromion and the fossa cubit at 1/3 proximal from the fossa cubit.

Flexor pronator mass (FPM) At 1/3 distal from the medial epicondyle. In the direction of the line between the medial epicondyle and the mid-
dle of the radial and ulna styloid

m. triceps brachii (Tri) (lateral head) At 1/2 on the line between the posterior crista of the acromion and the olecranon at 2 finger widths lateral to the 
line.
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Data analysis
All data analyses were performed in Python (version 3.7, Python Software Foundation, https:// www. python. org/).

Kinematics and inverse dynamics
The following bony landmarks on the throwing arm were used to construct an anatomical local coordinate system 
for the hand, forearm, and upper arm according to the ISB  recommendations21: third proximal interphalangeal, 
ulna processes styloid, radius processes styloid, lateral humeral epicondyle, medial humeral epicondyle, and the 
acromion. Positions of the centers of mass and the moments of inertia were estimated according to  Zatsiorsky22 
and De Leva et al.23. The elbow joint angles were decomposed in the rotation order of ‘flexion/extension’—‘ab/
adduction’ (floating angle)- ‘pronation-supination’ according to Grood and Sunday (1983)24. The shoulder angle 
was defined as the humerus in relation to the thorax. Maximal external shoulder rotation (MER) was obtained 
from the shoulder joint angles decomposed according to the y-x-y Euler decomposition (‘plane of elevation’-
‘negative elevation’-‘axial rotation’)25.

The net joint forces and moments were calculated in the global coordinate system, using a top-down inverse 
dynamics analysis based on the Newton-Euler equation of motions. Subsequently, the elbow joint torque was 
expressed in the anatomical coordinate system of the elbow; positioned in the middle of the medial and lateral 
humeral epicondyles. The kinetics of the segments were calculated with the segment data and scaling factors of 
De Leva et al.23 and Zatsiorsky et al. (1990)26. A 2nd order polynomial function was fitted using five measured 
data points to obtain the exact magnitude of the peak value of the external valgus torque, which occurred around 
the moment of MER. The inverse dynamical model can be found here: https:// github. com/ Thoma sBTHL/ BTHL_ 
public.

Electromyography
EMG signals were first separated into the ten-pitch series. Subsequently, these were cut into single pitches. The 
linear envelope was obtained by rectifying the EMG and applying a fourth-order bi-directional lowpass Butter-
worth filter of 20Hz. EMG data were normalized to the maximum values observed in the MVC data. To quantify 
the indirect effect of the biceps and triceps muscles, a co-contraction index (CCI) was calculated for the biceps 
and triceps muscle pair at each sample ( i ) according to Rudolph et al.27, see Eq. (1).

An area under the curve (AUC) was calculated over a window of 150 ms for the normalized EMG data and 
the CCI. This window was chosen because the time between the events of foot contact to ball release is approxi-
mately 150  ms28, and includes the moment of the peak valgus torque. To represent the muscle activity as an 
indication of the timing of relative muscle force, the normalized EMG data was compensated with 50ms for the 
electromechanical delay (EMD)29. The moment from maximal external rotation to ball release is approximately 
50  ms17, which is similar to the EMD. Therefore, the AUC window started at MER at 0ms and ranged back to 
– 150 ms to represent the timing of relative muscle force from foot contact to ball release.

Synchronization
The BioPlux device, containing the EMG signals and accelerometer data, did not contain the MER event. There-
fore, it was synchronized with the OptiTrack system. The z-direction of the accelerometer, pointing forwards 
relative to the thorax, was synchronized with the forward acceleration of the trunk coordinate system. For each 
pitch, the data were synced on the peak linear accelerations and stored in a Python pickle.

Moving window approach
In addition to ball speed, four outcome variables were analyzed in relation to repetitive pitching: the elbow valgus 
torque magnitude, valgus torque variability, the FPM AUC, and the biceps-triceps CCI. A moving window of 
ten pitches was applied to all variables and moved over a single subsequent pitch. The mean of the ten values 
within each window was used to quantify the trajectory of ball speed and the valgus torque magnitude, and 
the standard deviation of the ten values within each window was used to quantify the trajectory of the within-
individual valgus torque variability over the individual sessions of 60-110 pitches (see Fig. 1). For the EMG 
outcome variables, the means of the ten values of the moving 10-pitch windows were quantified as the FPM 
activity and the biceps-triceps CCI.

Statistical analysis
To statistically explore the relationship between ball speed and the four outcome variables and repetitive pitch-
ing five linear mixed models (LMM) were examined. The LMM deals with missing data and data of different 
 samples30, which is an advantage as some participants indicated to be fatigued >80% after 60 balls, whereas others 
did not reach this level of fatigue after 110 balls. The fixed factor was the number of subsequent moving windows 
for each individual series of pitches and the random factor was the participant. Given the multilevel structure of 
the data (level 1 pitch window number nested in level 2 participants), it was considered necessary to build three 
models: (1) a basic model with a random intercept across participants, (2) a model with pitch window number as 
a predictor and random intercept across participants and (3) a model with pitch window number as a predictor, 
a random effect of pitch window number over participants (random slope) and random intercepts. To select the 
best-fitted model, the models were compared using a chi-square likelihood ratio test with a significant level of 
0.05. If the models were significantly different, the model with the smallest AIC value was used. The maximum 

(1)CCIi =
EMGlow,i

EMGhigh,i
∗
(

EMGlow,i + EMGhigh,i

)

.

https://www.python.org/
https://github.com/ThomasBTHL/BTHL_public
https://github.com/ThomasBTHL/BTHL_public
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likelihood was used as the estimation method. The nlme package for R was used to perform the LMM  analysis31. 
All statistical analyses were performed in R (version 4.2.0)32 and Rstudio (version 2022.2.0.443)33.

Results
After visually inspection of the signals, for instance, due to missing markers, 951 pitches from 14 pitchers were 
included in the analysis. Participant 2 was removed because only thirteen pitches of the in total 60 pitches could 
be analyzed after preprocessing, which is not representative of repetitive pitching. Participant 1 did not have 
EMG data and was therefore not included in the EMG analyses.

Ball speed
Ball speed was not significantly associated with window (or pitch) number (p = 0.76), indicating that ball speed 
remained constant throughout the pitching sessions of 60–110 throws. The visualization of these results can be 
found in Supplementary Materials.

Magnitude and variability in relation to repetitive pitching
The external valgus torque magnitude did not significantly change the fixed effect of pitch window number, and 
neither did the variability (Table 3). For both variables, the likelihood test showed that the linear mixed model 
with a random intercept and random slope was significantly the best model (Table 3, Supplementary Materials). 
Figure 2A shows the results of the model with across participants the significant random intercept (SD 8.71; 
95% CI 6.01 12.61) and the significant random slope (SD 0.044; 95% CI 0.030, 0.064) for the external valgus 
torque magnitude. The linear mixed model of external valgus torque variability shows significant variance across 
participants for the random intercept (SD = 0.64; 95% CI 0.43, 0.94) and the random slopes (SD = 0.01; 95% CI 
0.006, 0.015) (Fig. 2B). The standard deviation across participants for the slope was larger compared to pitch 
window number as a fixed effect, in both the magnitude and within-individual variability model. The likelihood 
test and the significant slope variances across participants indicate that the external valgus torque magnitude 
and variability depend on the individuals in relation to pitch window number.

Figure 1.  Visualization of the ten-pitch moving window approach moving over a single subsequent pitch.

Table 3.  Table shows the results of the linear mixed model analysis of the predictor variable window number 
in association with the four outcome variables. ß is the slope of the linear relationship of the fixed effect. CI is 
the confidence interval with the lower and upper limits at respectively 2.5% and 97.5%. *p<0.05.

ß CI t Significance

Valgus torque

 Magnitude 0.0083 − 0.0148 0.0314 0.70 0.482

 Variability 0.0017 − 0.0039 0.0073 0.59 0.553

EMG

 FPM (AUC) − 1.9*10-4 − 5.0*10-4 1.1*10-4 − 1.22 0.223

 CCI Triceps-Biceps − 1.8*10-4 − 3.6*  10-4 6.6*10-6 − 1.89 0.059
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Elbow muscle activity in relation to repetitive pitching
The FPM, biceps brachii and triceps brachii muscles showed activity in all participants during pitching. The FPM 
AUC activity was not significantly associated with the fixed effect of pitch number (Table 3). The underlying best-
fitted model was the model with a random intercept and random slope across participants. Figure 3A shows the 
significant variance in intercepts across participants (SD = 0.06; 95% CI 0.04, 0.09), and the significant random 
slopes (SD = 0.0008; 95% CI 0.0005, 0.0012).

The biceps-triceps CCI showed a negative trend with pitch window number but was not significant (Table 3). 
Again, the best-fitted model was the model including random intercept and random slope. The intercept (SD 
= 0.04; 95% CI 0.027, 0.059) and slope (SD = 0.0003; 95% CI 0.0002, 0.0005) varied significantly across the 
participants (Fig. 3B).

These results indicate that on a group level repetitive pitching is not associated with FPM AUC activity and 
biceps-triceps CCI. The significant random slope difference across participants indicates that pitchers show a 
different FPM muscle activity and biceps-triceps CCI between each other in relation to pitch window number.

Figure 2.  Panel (A) shows the relationship with the magnitude of the external valgus torque in relation to pitch 
number. Panel (B) shows the variability in relation to pitch number. Each colored line represents the modeled 
LMM intercept and slope of a participant.

Figure 3.  Panel (A) shows the relationship between the FPM activity area under the curve (AUC) with pitch 
window number. Panel (B) shows the biceps-triceps CCI in relation to the pitch window number. Each colored 
line represents the modeled LMM intercept and slope of a participant.
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Discussion
The aim of this study was to investigate if repetitive pitching influences the peak external valgus torque magni-
tude and variability during pitching, and to investigate the relationship between repetitive pitching and elbow 
muscle activation during pitching. The results showed no significant relationship between the external valgus 
torque magnitude and within-individual variability with repetitive pitching on a group level; but both variables 
showed significant variance in the association across participants. On a group level, the FPM activity was not 
significantly related to repetitive pitching. In addition, the biceps-triceps co-contraction index showed a trend but 
was not significant in relation to repetitive pitching. The FPM activity and the biceps-triceps co-contraction index 
showed significant variance in the association across participants. Thus, it is important to consider the individual 
differences for both the external valgus torque and elbow muscle activations in relation to repetitive pitching.

The external valgus torque in combination with pitch number is important in relation to UCL injuries, an 
higher external valgus torque with an increase in pitch number raises the chance of sustaining a UCL injury. 
Previous studies did not find an effect of repetitive pitching on the valgus torque by comparing the first and 
the last  inning13,14. This is in line with our results, as no significant effect on group level was found between 
repetitive pitching and elbow valgus torque magnitude and variability, except that our results revealed that the 
individual association with repetitive pitching is very different across participants. The different responses across 
participants are an important finding as these can explain why no relationship with repetitive pitching was found 
on a group level. The importance of individuality has been shown earlier as the valgus torque magnitude and 
within-individual variability show considerable differences between pitchers in elbow load  magnitude34,35 and 
in the load  variability16. The results of the current study revealed also that individual differences are important 
in the association between elbow load and repetitive pitching.

The individual association of elbow load magnitude and within-individual variability with repetitive pitching 
emphasizes the importance of an individual approach in relation to the quantification of load and overload. This 
individual approach seems essential in relation to overuse injuries because it is hypothesized that pitchers who 
have a higher load magnitude and within-individual variability are at higher risk for sustaining an  injury36. This, 
in combination with the mechanical fatigue phenomenon, where an increase in loading cycles (pitch count) and 
loading magnitude (valgus torque) increases the chance of damage, are important factors in overuse injuries. 
In terms of injury assessment, this knowledge is part of the larger complex puzzle to explain why one pitcher 
sustains an injury and another does not.

For injury prevention, the next step is to understand why one pitcher shows an increase and another a 
decrease or no changes in within-individual load magnitude and variability when performing relatively long 
sessions of repetitive pitching. Biomechanical variables earlier in the kinetic chain (such as leading leg knee 
extension and trailing leg knee flexion, and an earlier trunk rotation) are associated with an increased external 
valgus  torque37,38. Alterations within an individual in these variables and other proximal intersegmental interac-
tions could increase the external valgus torque magnitude and variability during repetitive pitching. In terms of 
injury prevention, it is thus important to investigate if these biomechanical variables can be trained to maintain 
a constant elbow load during repetitive pitching.

The FPM and the biceps-triceps CCI were active in all pitchers, with large inter-individual differences. It is 
difficult to explain the increase or decrease in muscle activation in pitchers. As a result of repetitive pitching, 
the AUC decrease in the subset of ten of our pitchers might reflect that they were not able to recruit the same 
amount of muscle fibers over the full duration of the experiment. On the other hand, pitchers who showed an 
increase might not have recruited all their muscle fibers in the beginning and compensate by an increase in 
muscle activation in association with repetitive pitching. The decrease could be especially dangerous, as it is 
known that pitchers with UCL insufficiency showed less activity in flexor carpi radialis and triceps muscles 
compared to uninjured  pitchers39. Hence, several studies found a decrease in static grip force after repetitive 
 pitching40,41, indicating an effect of repetitive pitching on the FPM strength. To conclude, the decrease in muscle 
activity and co-contraction index could be related to a reduction of produced muscle force. On the other hand, 
increased muscle activity could indicate the recruitment of additional muscle fibers, acting as a compensation 
mechanism. Electromyography is a noisy signal, and the results should thus be interpreted with caution, the 
next step is to investigate if the individual decrease in FPM activity and co-contraction levels are related to a 
decrease in muscle strength.

In baseball games, pitchers throw multiple pitch types such as breaking balls and fastballs. One limitation of 
this study is that the pitchers were instructed to throw fastballs only, because we were interested in the effect of 
repetitive pitching on the within-individual magnitude and variability of the elbow load and not in the differ-
ences between pitch types. Throwing a breaking ball produces less valgus  torque35. Thus, the inclusion of other 
pitch types will show more variance in external valgus torque magnitude and variability. A lower valgus torque 
does not per definition imply a lower UCL load, because if the muscle force is decreased the UCL resists more 
stress. During breaking balls lower elbow muscle activations are  reported42, assuming that the muscle force is also 
lower, which suggests that the shielding effect is different and might be even lower, in breaking balls compared 
to fastballs. A more in-depth comparison of muscular activity in different pitch types is therefore necessary.

The number of participants (n = 15) included in this study is comparable to other simulated game  studies14,43. 
However, it is a relatively small sample size and therefore a limitation of this study. This is primarily due to the 
difficulty in recruiting pitchers to perform a fatiguing study, as such a number of pitches disrupt their training 
regime. In addition, in this study, the aim was to investigate the effect of repetitive pitching on the within-
individual elbow load. Therefore, in comparison with other studies, we focused on analyzing many throws of 
individual pitchers, resulting in an enriched within-individual dataset. Another limitation is that the training 
load of the pitchers was not reported. This might have influenced the results as the study population was het-
erogeneous including recreational pitchers and professional pitchers. Overall, professional pitchers are exposed 
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more frequently to higher loads and have better facilities and training schedules compared to recreational pitch-
ers. This might have influenced the trajectory of muscle recruitment in relation to repetitive pitching. Future 
studies should investigate if training status and level of play influence the effect of repetitive pitching on muscle 
recruitment.

In this study, we investigated the association between repetitive pitching and elbow load during a single ses-
sion. An injury can occur during only one single pitch when the peak load is higher than the UCL load capacity. 
However, most of the time it is a result of repetitive motion as the overall injury rate in baseball is 3.6 per 1000 
athletes-exposures, with the elbow as the most injured  part44. To prevent pitchers from injuries, monitoring the 
within pitcher development of the elbow load magnitude and frequency during every athlete’s exposure over 
multiple seasons is important. Wearables, like inertial measurement units (IMUs) can be used by individuals in 
the field to predict the elbow  load45. Pitch count can be used as a substitute for loading frequency, while external 
valgus torque can be utilized to quantify the elbow load magnitude. Many studies used the external valgus torque 
to quantify the medial elbow load and used this as a proxy for UCL  load43,46. However, as seen in this study, to 
quantify the UCL load it is important to consider the protection mechanism of the elbow muscles, especially 
individually in relation to repetitive pitching. Quantifying muscular activity with electromyography in a daily 
training session is upcoming but not yet possible. To mitigate pitching injuries in the future, a warning system can 
be developed based on monitoring the elbow load magnitude and frequency, and muscle activity. Future research 
in the field of UCL injuries should quantify the within-individual elbow load magnitude and variability over time.

Conclusion
Repetitive pitching shows significant differences among pitchers in the relationship with the elbow within-
individual load magnitude and variability, FPM activity, and the biceps-triceps co-contraction. The variation 
among pitchers could explain why no significant relationship was found on a group level. The differences in 
muscle activation among pitchers in relation to repetitive pitching show that the shielding effect of elbow muscles 
should be included when quantifying the UCL load and cannot be considered a constant variable. In the field 
of UCL injury assessment and especially injury prevention, our results show that it is important to measure the 
within-individual UCL load magnitude and variability in relation to repetitive pitching because these metrics 
could be part of the puzzle of understanding why one sustains an injury and another not. Future studies should 
investigate why some pitchers showed an increase in elbow within-individual load magnitude and variability load 
and others a decrease in relation to repetitive pitching and subsequently how it is causally related to UCL injuries.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 14 February 2023; Accepted: 6 October 2023

References
 1. Fortenbaugh, D., Fleisig, G. S. & Andrews, J. R. Baseball pitching biomechanics in relation to injury risk and performance. Sports 

Health 1, 314–320 (2009).
 2. Gregory, B. & Nyland, J. Medial elbow injury in young throwing athletes. Muscles Ligaments Tendons J. 3, 91–100 (2013).
 3. Erickson, B. J. et al. Trends in medial ulnar collateral ligament reconstruction in the United States A retrospective review of a large 

private-payer database from 2007 to 2011. Am. J. Sports Med. 43, 1770–1774 (2015).
 4. Cain, E. L. et al. Outcome of ulnar collateral ligament reconstruction of the elbow in 1281 athletes: Results in 743 athletes with 

minimum 2-year follow-up. Am. J. Sports Med. 38, 2426–2434 (2010).
 5. Ciccotti, M. G. et al. Elbow injuries in professional baseball epidemiological findings from the major league baseball injury surveil-

lance system. Am. J. Sports Med. 45, 2319–2328. https:// doi. org/ 10. 1177/ 03635 46517 706964 (2017).
 6. Edwards, W. B. Modeling overuse injuries in sport as a mechanical fatigue phenomenon. Exerc. Sport Sci. Rev. 46, 224–231 (2018).
 7. Lyman, S. et al. Longitudinal study of elbow and shoulder pain in youth baseball pitchers. Med. Sci. Sports Exerc. 33, 1803–1810 

(2001).
 8. Fleisig, G. S. et al. Risk of serious injury for young baseball pitchers: A 10-year prospective study. Am. J. Sports Med. 39, 253–257 

(2011).
 9. Buffi, J. H., Werner, K., Kepple, T. & Murray, W. M. Computing muscle, ligament, and osseous contributions to the elbow varus 

moment during baseball pitching. Ann. Biomed. Eng. 43, 404–415 (2015).
 10. Van Trigt, B., Vliegen, L. W., Leenen, T. A. & Veeger, D. H. The ulnar collateral ligament loading paradox between in-vitro and 

in-vivo studies on baseball pitching (narrative review). Int. Biomech. 8, 19–29 (2021).
 11. Jackson, T. J., Jarrell, S. E., Adamson, G. J., Chung, K. C. & Lee, T. Q. Biomechanical differences of the anterior and posterior bands 

of the ulnar collateral ligament of the elbow. Knee Surg. Sport Traumatol. Arthrosc. 24, 2319–2323 (2016).
 12. Werner, S. I. L. et al. Biomechanics of the elbow during baseball pitching. J. Orthop. Sport Phys. Ther. 17, 274–278 (1993).
 13. Darke, J. D., Dandekar, E. M., Aguinaldo, A. L., Hazelwood, S. J. & Klisch, S. M. Effects of game pitch count and body mass index 

on pitching biomechanics in 9-to 10-year-old baseball athletes. Orthop. J. Sport Med. 6, 2325967118765655 (2018).
 14. Escamilla, R. F. et al. Pitching biomechanics as a pitcher approaches muscular fatigue during a simulated baseball game. Am. J. 

Sports Med. 35, 23–33 (2007).
 15. Murray, T. A., Cook, T. D., Werner, S. L., Schlegel, T. F. & Hawkins, R. J. The effects of extended play on professional baseball 

pitchers. Am. J. Sports Med. 29, 137–142 (2001).
 16. Van Trigt, B. et al. Quantifying within-individual elbow load variability in youth elite baseball pitchers and its role in overuse 

injuries. Appl. Sci. 12, 6549 (2022).
 17. Van Trigt, B., Galjee, E., Hoozemans, M. J. M., van der Helm, F. C. T. & Veeger, D. H. E. J. Establishing the role of elbow muscles 

by evaluating muscle activation and co-contraction levels at maximal external rotation in fastball pitching. Front. Sport Act. Living 
https:// doi. org/ 10. 3389/ fspor. 2021. 698592 (2021).

 18. Sonne, M. W. L. & Keir, P. J. Major League Baseball pace-of-play rules and their influence on predicted muscle fatigue during 
simulated baseball games. J. Sports Sci. 34, 2054–2062 (2016).

https://doi.org/10.1177/0363546517706964
https://doi.org/10.3389/fspor.2021.698592


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17250  | https://doi.org/10.1038/s41598-023-44333-x

www.nature.com/scientificreports/

 19. World Medical Association. World Medical Association Declaration of Helsinki. Ethical principles for medical research involving 
human subjects. Bull. World Health Organ. 79, 373 (2001).

 20. Hermens, H. J., Freriks, B., Merletti, R., Stegeman, D., Blok, J., Rau, G. & Hägg, G. European recommendations for surface elec-
tromyography. Roessingh research and development 8(2), 13–54  (1999).

 21. Wu, G. et al. ISB recommendation on definitions of joint coordinate systems of various joints for the reporting of human joint 
motion—Part II: Shoulder, elbow, wrist and hand. J. Biomech. 38, 981–992 (2005).

 22. Zatsiorsky, V. M. Kinetics of Human Motion (Human Kinetics, 2002).
 23. de Leva, P. Adjustments to Zatsiorsky-Seluyanov’s segment inertia parameters. J. Biomech. 29, 1223–1230 (1996).
 24. Grood, E. S. & Suntay, W. J. A joint coordinate system for the clinical description of three-dimensional motions: application to the 

knee. (1983).
 25. Wu, G. et al. ISB recommendation on definitions of joint coordinate systems of various joints for the reporting of human joint 

motion—Part II: Shoulder, elbow, wrist and hand. J. Biomech. 38, 981–992 (2005).
 26. Zatsiorsky, V., M. Seluyanov, V., N. & Chugunova, L.G. Methods of Determining Mass-Inertial Characteristics of Human Body 

Segments. In Contemporary Problems of Biomechanics; CRC Press: Boca Raton, FL, USA, 272–291 (1990).
 27. Rudolph, K. S., Axe, M. J. & Snyder-Mackler, L. Dynamic stability after ACL injury: Who can hop?. Knee Surg. Sport. Traumatol. 

Arthrosc. 8, 262–269 (2000).
 28. Seroyer, S. T. et al. The kinetic chain in overhand pitching: Enhancement and injury prevention. Sports Health 2, 135–146 (2010).
 29. Cavanagh, P. R. & Komi, P. V. Electromechanical delay in human skeletal muscle under concentric and eccentric contractions. Eur. 

J. Appl. Physiol. Occup. Physiol. 42, 159–163 (1979).
 30. Field, A., Miles, J. & Field, Z. Discovering Statistics Using R 958 (Gt. Britain Sage Publ. Ltd, 2012).
 31. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., RC Team. Linear and nonlinear mixed effects models. R Packag. Version 3, 1–89 

(2007).
 32. Team, R. C. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing; 

2014. R Foundation for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. https:// www.r- proje ct. org/ 
(2015).

 33. RStudio Team (2020).
 34. Aguinaldo, A. L. & Chambers, H. Correlation of throwing mechanics with elbow valgus load in adult baseball pitchers. Am. J. 

Sport Med. 37, 2043–2048 (2009).
 35. Fleisig, G. S. et al. Kinetic comparison among the fastball, curveball, change-up, and slider in collegiate baseball pitchers. Am. J. 

Sports Med. 34, 423–430. https:// doi. org/ 10. 1177/ 03635 46505 280431 (2006).
 36. van Trigt, B. et al. Are UCL injuries a matter of bad luck?: The role of variability and fatigue quantified. Proceedings 49(1), 107 

(2020).
 37. Aguinaldo, A. L. & Chambers, H. Correlation of throwing mechanics with elbow valgus load in adult. Am. J. Sports Med. https:// 

doi. org/ 10. 1177/ 03635 46509 336721 (2009).
 38. Tanaka, H. et al. Stride-phase kinematic parameters that predict peak elbow varus torque. Orthop. J. Sport Med. 8, 2325967120968068 

(2020).
 39. Glousman, R. E., Barron, J., Jobe, F. W., Perry, J. & Pink, M. An electromyographic analysis of the elbow in normal and injured 

pitchers with medial collateral ligament insufficiency. Am. J. Sport Med. 20, 311–317 (1992).
 40. Namiki, Y., Saito, A. & Okada, K. The relationship between changes in elbow valgus laxity and forearm flexor strength during 

repetitive pitching. Sport Biomech. https:// doi. org/ 10. 1080/ 14763 141. 2022. 21258 22 (2022).
 41. Hattori, H., Akasaka, K., Otsudo, T. & Hall, T. Grip strength is not related to increased medial elbow joint-space gapping induced 

by repetitive pitching. JSES Int. 4, 1026–1030 (2020).
 42. Smidebush, M., Stewart, E., Shapiro, R., Chander, H. & Knight, A. Mean muscle activation comparison between fastballs and 

curveballs with respect to the upper and lower extremity. J. Biomech. 94, 187–192 (2019).
 43. Okoroha, K. R. et al. Effect of fatigue on medial elbow torque in baseball pitchers: A simulated game analysis. Am. J. Sports Med. 

46, 2509–2513 (2018).
 44. Boltz, A. J. et al. Epidemiology of injuries in national collegiate athletic association men’s baseball: 2014–2015 through 2018–2019. 

J. Athl. Train. 56, 742–749 (2021).
 45. Boddy, K. J. et al. Exploring wearable sensors as an alternative to marker-based motion capture in the pitching delivery. PeerJ 7, 

e6365 (2019).
 46. Anz, A. W. et al. Correlation of torque and elbow injury in professional baseball pitchers. Am. J. Sports Med. 38, 1368–1374 (2010).

Acknowledgements
We would like to thank Daniël Andriessen for his help with the Optitrack system and The Hague University of 
Applied Sciences for borrowing. This work was supported by the NWO Domain Applied and Engineering Sci-
ences (AES) under project number [R/003635]. This NWO-funded project, named Breaking the High Load—Bad 
Coordination Multiplier in Overhead Sports Injuries part of the Citius Altius Sanius perspective program (Pro-
ject 7), is a cooperative effort between the Royal Dutch Baseball and Softball Federation (KNBSB), Royal Dutch 
Tennis Federation (KNLTB), Vrije Universiteit Amsterdam, Delft University of Technology, Milé Fysiotherapy, 
PitchPerfect and PLUX.

Author contributions
B.T. and D.V. contributed to the conception and design of the work. B.T. and A.L. contributed to the data acquisi-
tion. B.T. and T.H. contributed to the pre-processing and data analysis. B.T., T.H., and M.H. contributed to the 
methodology. B.T., T.H., D.V., M.H., and F.H. contributed to the interpretation of the data. B.T. completed the 
first draft of the manuscript. All authors contributed to the article and approved it for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 44333-x.

Correspondence and requests for materials should be addressed to B.T.

Reprints and permissions information is available at www.nature.com/reprints.

https://www.r-project.org/
https://doi.org/10.1177/0363546505280431
https://doi.org/10.1177/0363546509336721
https://doi.org/10.1177/0363546509336721
https://doi.org/10.1080/14763141.2022.2125822
https://doi.org/10.1038/s41598-023-44333-x
https://doi.org/10.1038/s41598-023-44333-x
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17250  | https://doi.org/10.1038/s41598-023-44333-x

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Magnitude and variability of individual elbow load in repetitive baseball pitching
	Methods
	Participants
	Procedure
	Data acquisition
	Kinematics and ball speed
	Electromyography

	Data analysis
	Kinematics and inverse dynamics
	Electromyography
	Synchronization
	Moving window approach

	Statistical analysis

	Results
	Ball speed
	Magnitude and variability in relation to repetitive pitching
	Elbow muscle activity in relation to repetitive pitching

	Discussion
	Conclusion
	References
	Acknowledgements


