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Purpose: To evaluate advanced pitch-specific metrics to uncover which are associated with pitchers undergoing ulnar 

collateral ligament reconstruction (UCLR). Methods: A retrospective analysis was conducted using Major League 

Baseball pitchers who underwent UCLR between 2017 and 2024. Preinjury pitch metrics, including velocity, spin rate, 

movement profiles, and pitch use, were collected from the public database Baseball Savant and compared with league 

averages. To be included, pitchers must have had pitching data recorded in the Baseball Savant public database. Pitchers 

were excluded from the study if no data were found in Baseball Savant. Mann-Whitney U tests and logistic regression 

models were used to assess statistical differences and identify significant predictors of undergoing UCLR. Results: A total 

of 132 pitchers who underwent UCLR were analyzed against 6,001 league-average pitchers. Pitchers with UCLR dis-

played greater average velocities for 4-seamers (94.6 miles per hour [mph] vs 93.2 mph, Δ1.4), sinkers (94.4 mph vs 92.7 

mph, Δ1.7), cutters (90.0 mph vs 88.6 mph, Δ1.4), sliders (85.5 mph vs 84.4 mph, Δ1.1), changeups (86.9 mph vs 85.3 

mph, Δ1.6), and curveballs (79.7 mph vs 78.5 mph, Δ1.4) (P < .001). Increased spin rate for 4-seamers (2,301.3 rev-

olutions per minute [rpm] vs 2,253.2 rpm, Δ 48.1, P = .0004) and changeups (1810.8 rpm vs 1757.4 rpm, Δ 52.6, P =
.04) also was noted. Decreased glove-side horizontal movement on cutters (1.3 inches vs 3.0 inches, Δ 1.7 inches, 

<.0001) and increased arm-side movement of changeups (14.1 inches vs 13.2 inches, Δ0.9 inches, P = .01) significantly 

increased odds of UCLR. Increased sinker velocity (odds ratio [OR] 1.30, 95% confidence interval [CI] 1.16-1.40), 

4-seamer velocity (OR 1.27, 95% CI 1.18-1.37), changeup velocity (OR 1.20, 95% CI 1.12-1.28), and decreased glove- 

side cutter horizontal break (OR 0.64, 95% CI 0.54-0.77) increased a pitcher’s odds of undergoing UCLR. Conclusions:
This study demonstrates that specific pitch characteristics, including increased velocity, increased spin rate, reduced glove- 

side horizontal movement of cutters, and increased arm-side horizontal movement of changeups, are associated with an 

increased likelihood of a pitcher undergoing UCLR. Level of Evidence: Level III, retrospective comparative series.

U lnar collateral ligament (UCL) reconstruction 

(UCLR) is common in overhead athletes such as 

baseball players, who are subjected to high valgus 

stresses placed on the elbow during pitching.1 Pitchers 

experience high rates of UCL injury requiring recon-

struction, with an increasing incidence reported over 

the past decade.2 Roughly 25% of Major League 

Baseball (MLB) pitchers had a history of UCL injury 

requiring reconstruction in 2015, which has continued 

to increase up to 35% in more recent years.3 This high 

rate of injury has resulted in the identification of risk 

factors for UCLR, such as increased velocity, pitch 

count, and workload.4-7

In recent years, the MLB has equipped every stadium 

with motion-capture technology capable of recording 

advanced analytic measures to produce detailed player 

statistics, which help to inform player performance.8
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These advanced metrics are published for every season 

and player by the MLB in the Baseball Savant8 public 

database, which includes pitch-specific movement 

profiles, spin rate, velocity, and arm angles. Teams 

have invested heavily in analyzing these advanced 

metrics to determine which are associated with supe-

rior on-field performance. Although the association 

between increased valgus stress on the elbow and 

increased workloads with UCLR has long been estab-

lished.9,10 the detailed analysis of pitch characteristics 

and their association with UCL injury has not been 

described.

This study aims to evaluate advanced pitch-specific 

metrics to uncover which are associated with pitchers 

undergoing UCLR. We hypothesized that pitchers who 

throw a greater percentage of breaking balls at high 

velocity with high spin rate would have increased odds 

of undergoing UCLR.

Methods

Study Design

A retrospective cohort analysis of professional 

pitchers was conducted from the MLB seasons of 

2016 to 2024. To be included in the study, pitchers 

must have had a full season of statistics available in 

Baseball Savant. Pitchers were excluded if there was 

no pitch-specific data available on Baseball Savant, or 

if pitchers in the UCLR group did not have a full 

season of statistics for the season before they un-

derwent UCLR. For example, if a pitcher missed time 

in 2017 because of UCLR, they must have had 

Baseball Savant data from 2016. Pitchers who un-

derwent UCLR were identified from public databases 

that have been cross-referenced with official press 

releases.11,12 A “healthy” league average group was 

pooled using Baseball Savant data for all pitchers in 

the MLB who did not undergo UCLR from 2016 

to 2024.

Data Collection

Data were collected from Baseball Savant8 for the 

desired variables: handedness, pitch usage, pitch- 

specific horizontal movement, vertical movement 

with gravity, induced vertical movement, velocity, spin 

rate, and arm angle. Arm angle data started to be 

recorded in 2020, so previous seasons were not avail-

able for analysis of this variable. Spin rate measures 

revolutions of the baseball per minute, movement data 

was reported in inches, and velocity was measured in 

miles per hour. Horizontal movement was recorded as 

a negative value if the pitch moved toward the 

throwing arm side of the pitcher and a positive value if 

the pitch moved toward the glove side of the pitcher. 

For example, a pitch thrown by a left-handed pitcher 

that moved towards the first-base side of home plate 

would receive a negative value, and a pitch that moves 

towards the third-base side of home plate would 

receive a positive value. Vertical movement with 

gravity describes the vertical movement of the pitch 

from where the pitch is released to where it crosses 

home plate, with negative values indicating downward 

movement. Induced vertical movement is a represen-

tation of how the pitch moves without gravity, 

capturing the vertical movement created by the pitcher 

(Fig 1). Arm angles, or “arm slots,” are calculated as the 

angle between a horizontal line extending from the 

pitcher’s throwing shoulder and the location of the ball 

at release (Fig 2).

Statistical Analysis

Data were analyzed by a Ph.D. statistician using SAS 

(2023, SAS 9.4M8; SAS Institute Inc., Cary, NC). 

Mann-Whitney U tests were used for comparison be-

tween league averages and players who underwent 

UCLR for the desired variables described previously. A 

binary logistic regression also was performed to assess 

the relationship between the aforementioned variables 

and the likelihood of undergoing UCLR surgery. The 

model employed a logit link function to estimate odds 

ratios, with significance assessed using the likelihood 

ratio test, Wald test, and Score Test. Model perfor-

mance was evaluated using the Akaike Information 

Criterion, -2 log likelihood, and the c-statistic, 

providing insight into the goodness of fit and predictive 

discrimination. Significant values were set at an alpha 

of 0.05.

Results

Demographics

Table 1 describes the characteristics of pitchers 

who underwent UCLR from 2017 to 2024, stratified 

by year. Overall, 132 players were included in the 

UCLR group, 84% were right-handed, and their 

average age at surgery was 26.6 ± 2.9 years. Healthy 

pitchers used to create the “league average” group 

totaled 6,001 pitchers from 2016-2023, with 75% 

being right-handed, and were 28.0 ± 3.6 years old 

on average. Significant differences were noted be-

tween groups for age and handedness (P < .0001, 

P = .03). Forty pitchers were excluded from the 

study because they did not have statistics recorded in 

Baseball Savant from the year before them under-

going UCLR.

Group Comparisons (Pitch Characteristics)

Table 2 describes comparisons between pitchers who 

underwent UCLR from 2017 to 2024 (n = 132) and 

healthy league averages from 2016 to 2023 (n =

6,001). Significant differences were noted between 

healthy controls and pitchers who underwent UCLR 
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for 4-seam fastball usage (P = .0065); horizontal pitch 

movement for cutters (P < .0001), changeups (P =

.01), and splitters (P = .02); vertical movement with 

gravity for sliders (P = .04); velocity for 4-seamers (P <

.0001), sinkers (P < .0001), cutters (P = .003), 

changeups (P < .0001), sliders (P = .0004), and 

curveballs (P = .004); and spin rate for 4-seamers (P =

.0005) and changeups (P = .04).

Fig 1. Depiction of the general movement 

profiles of pitch types, with a sinker (A), 

changeup (B), splitter (C), curveball (D), 

sweeper (E), slider (F), cutter (G), and 4- 

seamer (H) shown.

Fig 2. Visualization of how arm angles were calculated, with a horizontal line drawn at a pitcher’s shoulders and the location of 

the hand at release, with the vertex of the angle at the throwing shoulder. A positive (right) and negative (left) arm angle are 

depicted.
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Group Comparisons (Arm Angles)

Table 3 describes comparisons between healthy con-

trols from 2020 to 2023 and players who underwent 

UCLR from 2021 to 2024. There were no significant 

differences between groups for any pitch’s arm angle.

Regression Analysis

Pitch Mix

Only the increasing usage of a 4-seamer significantly 

impacted the odds of undergoing UCLR (P = .0067, 

odds ratio [OR] 1.01, 95% confidence interval [CI] 

1.00-1.02, C-statistic = 0.57).

Pitch Movement

Decreased glove side horizontal break when throwing 

a cutter (P < .0001, OR 0.64, 95% CI 0.54-0.77, C- 

statistic = 0.64), increased arm side horizontal break 

when throwing a changeup (P = .01, OR 1.09, 95% CI 

1.02-1.15, C-statistic=0.56), increased glove side hori-

zontal movement when throwing a splitter (P = .02, 

OR 1.14, 95% CI 1.02-1.27, C-statistic = 0.61), and 

increased vertical break with gravity when throwing a 

slider all significantly affected the odds of undergoing 

UCLR (P = .04, OR 1.04, 95% CI 1.00-1.07, C- 

statistic = 0.55).

Velocity

Increased 4-seamer velocity (P < .0001, OR 1.27, 

95% CI 1.18-1.37, C-statistic = 0.66), increased 

sinker velocity (P < . 0001, OR 1.30, 95% CI 1.16- 

1.40, C-statistic = 0.67), increased cutter velocity (P 

< . 0001, OR 1.18, 95% CI 1.06-1.32, C-statistic =

0.63), increased changeup velocity (P < . 0001, OR 

1.20, 95% CI 1.12-1.28, C-statistic = 0.64), increased 

slider velocity (P = .0003, OR 1.13, 95% CI 1.06- 

1.21, C-statistic = 0.60), increased curveball velocity 

(P = .003, OR 1.11, 95% CI 1.04-1.20, C-statistic =

0.58) significantly affected the odds of undergoing 

UCLR.

Spin Rate

Increased 4-seam spin rate (P = .0004, OR 1.002, 

95% CI 1.001-1.003, C-statistic = 0.59) and increased 

changeup spin rate (P = .04, OR 1.001, 95% CI 1.000- 

1.002, C-statistic = 0.57) significantly affected the odds 

of undergoing UCLR.

Discussion
The most important finding of this study is that 

pitchers who throw pitches with increased velocity, 

spin, and horizontal movement are more likely to un-

dergo UCLR when compared with healthy league av-

erages. Overall, we found that the average velocity of 

sinkers was the most predictable, with a 1-mile-per- 

hour (mph) increase in average sinker velocity result-

ing in a 30% increase in the odds of requiring UCLR.

Increased fastball velocity is a known risk factor for 

UCL injury.13,14 The current study showed that the link 

not only exists for 4-seam velocity but also for the 

velocity of different types of fastballs (sinkers and cut-

ters), as well as changeups, sliders, and curveballs. This 

is important because increased velocity of these pitches 

above league averages resulted in significantly greater 

odds of undergoing UCLR. These odds ranged from an 

11.1% increase per mph above league average for 

curveball velocity to a 30% increase per mph above 

league average for sinker velocity. These findings are 

relevant clinically as pitchers are under constant pres-

sure to push their bodies to extreme physical limits, 

chasing velocity throughout their entire pitch arsenal 

in order to succeed across all levels of competition. 

However, the pursuit of maximal velocity should be 

met with an abundance of caution, as demonstrated by 

the findings of this study regarding the increased odds 

of undergoing UCLR.

One pitching metric that has garnered a lot of interest 

recently is the spin rate of different pitch types. Spin is a 

result of hand position (or grip) on the baseball, arm 

slot, finger pressure, and arm speed during the 

throwing motion. Different spins result in the ball 

moving in a variety of directions at various speeds, with 

increasing spin generally leading to increased and 

sharper pitch movement.15,16 Increased 4-seam fastball 

spin has become desirable because most of the spin 

generated by this pitch is backspin, resulting in the 

pitch appearing to “rise,” thus making it more difficult 

to hit.17 However, our study has shown that pitchers 

who throw a 4-seam fastball with an average spin 100 

rpm above league average have a 20% increase in their 

odds of undergoing UCLR. This is in contrast to a 

biomechanical analysis by Hodakowski et al,18 which 

found no relationship between spin rates of fastballs, 

curveballs, change-ups, or sliders and increased valgus 

loads placed on the elbow. Of note, spin rates of pitches 

in their study were much lower across each pitch than 

our UCLR group, necessitating a further analysis of the 

Table 1. Group Characteristics for Pitchers Who Underwent 

UCLR

Season 

Missed

Number of 

Pitchers

Handedness, n (%) Average 

Age, yrRight Left

2017 16 12 (75%) 4 (25%) 26.6 ± 1.8

2018 13 11 (85%) 2 (15%) 26.2 ± 2.1

2019 12 12 (100%) 0 (0%) 24.9 ± 1.24

2020* 20 17 (85%) 3 (15%) 26.0 ± 3.2

2021 15 13 (87%) 2 (13%) 27.9 ± 3.7

2022 9 6 (67%) 3 (33%) 28.2 ± 3.7

2023 20 16 (80%) 4 (20%) 26.5 ± 2.8

2024 27 24 (89%) 3 (11%) 26.9 ± 2.8

NOTE. Values are presented as mean ± standard deviation. 

UCLR, ulnar collateral ligament reconstruction.

*Season was only 60 games due to COVID-19.
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relationship between pitching biomechanics and spin 

rates.

Similarly, different pitch movements were associated 

with increased odds of undergoing UCLR. Increased 

average arm-side movement of cutters resulted in the 

most predictable odds of injury requiring surgery, with 

a 1-inch increase in arm side movement above league 

average, resulting in a 36% increase in the odds of 

undergoing UCLR. This is interesting, because cutters 

typically break toward the glove side of a pitcher. One 

reason for this discrepancy may be secondary to 

excessive forearm pronation at ball release and 

increased velocity. Similarly, throwing a changeup 

with 1 inch more of arm side movement on average 

than a league average changeup resulted in a 9% in-

crease in requiring UCLR. Again, excessive forearm 

pronation at ball release would account for this 

discrepancy. Although forearm pronation at maximal 

extension (ball release) has not shown to increase 

valgus stress at the elbow in cadaveric studies,19 addi-

tional studies need to be conducted to evaluate the 

biomechanical effect that forearm pronation has at 

high velocities concerning valgus stresses at the elbow.

Increased valgus loads placed on the elbow during 

pitching result in increased strain placed on the UCL, 

leading to a thought that arm angles may impact the 

forces placed on the UCL.20-22 This was further 

explored by Aguinaldo and Chambers,20 who deter-

mined that “sidearm” pitchers, or pitchers with a low 

arm angle, exhibit greater valgus torque placed on their 

elbow than pitchers who throw more overhand. Our 

study found no significant difference for any pitch type 

between the arm angles of healthy league average and 

those who underwent UCLR, suggesting that arm angle 

alone is not a reliable predictor of UCLR risk.

Given the financial implications, time to return to 

sport, and competitive outcomes after UCLR,23-26

managers and team personnel should consider our 

findings when evaluating pitchers. Although workload 

Table 2. Comparisons Between League Averages and 

Pitchers Who Underwent UCLR

UCLR Pitchers 

(n = Number of 

Pitchers Who 

Threw the 

Respective 

Pitch)

League Average 

(n = Number of 

Pitchers Who 

Threw the 

Respective 

Pitch) P Value

Pitch mix, %

Four-seam 42.9 (127) 38.1 (5655) .0065

Sinker 21.2 (71) 24.8 (4106) .13

Cutter 19.8 (34) 20.0 (1746) .93

Changeup 12.6 (97) 13.2 (4645) .56

Slider 26.4 (110) 24.4 (4518) .16

Curveball 12.8 (72) 15.1 (3627) .09

Splitter 16.7 (15) 16.7 (511) .99

Sweeper 22.5 (11) 20.7 (531) .71

Fastball* 57.8 (132) 58.7 (6001) .43

Breaking ball† 30.8 (132) 29.3 (6001) .25

Off-speed‡ 11.1 (132) 11.7 (6001) .61

Horizontal 

movement, inches

Four-seam −8.2 (127) −7.7 (5655) .11

Sinker −14.5 (71) −14.4 (4106) .75

Cutter 1.3 (34) 3.0 (1746) <.0001

Changeup −14.1 (97) −13.2 (4645) .01

Slider 5.4 (110) 5.4 (4518) .99

Curveball 8.5 (72) 8.7 (3627) .74

Splitter −8.1 (15) −10.3 (511) .02

Sweeper 15.1 (11) 14.0 (531) .32

Vertical movement w/ 

gravity, inches

Slider −36.0 (110) −37.1 (4518) .04

Curveball −52.9 (72) −54.0 (3627) .21

Sweeper −40.4 (11) −41.1 (531) .61

Vertical movement 

induced, inches

Slider 1.8 (110) 1.9 (4518) .89

Curveball -8.9 (72) -8.5 (3627) .47

Sweeper 1.1 (11) 0.6 (531) .66

Velocity, mph

Four-seam 94.6 (127) 93.2 (5655) <.0001

Sinker 94.4 (71) 92.7 (4106) <.0001

Cutter 90.0 (34) 88.6 (1746) .003

Changeup 86.9 (97) 85.3 (4645) <.0001

Slider 85.5 (110) 84.4 (4518) .0004

Curveball 79.7 (72) 78.5 (3627) .004

Splitter 86.1 (15) 85.8 (511) .64

Sweeper 81.5 (11) 81.4 (531) .87

Spin rate, rpm

Four-seam 2,301.3 (127) 2,253.2 (5655) .0005

Sinker 2,197.0 (71) 2,170.3 (4106) .17

Cutter 2,341.6 (34) 2,333.1 (1746) .80

Changeup 1,810.8 (97) 1,757.4 (4645) .04

Slider 2,384.6 (110) 2,359.7 (4518) .29

Curveball 2,451.1 (72) 2,448.3 (3627) .93

Splitter 1,285.4 (15) 1,403.3 (511) .17

Sweeper 2,566.2 (11) 2,527.5 (531) .59

NOTE. Values in bold values represent a significant difference be-

tween groups. 

mph, miles per hour; UCLR, ulnar collateral ligament reconstruction.

*Fastball% is the summation of 4-seam %, sinker %, and cutter %.
†Breaking ball% is the summation of slider %, curveball %, and 

sweeper %.
‡Off-speed% is the summation of changeup % and splitter %.

Table 3. Arm Angle Comparisons

Pitch Type

UCLR Arm Angle 

(n = Number of 

Pitchers Who Threw 

The Respective 

Pitch)

League Average 

Arm Angle 

(n = Number of 

Pitchers Who Threw 

The Respective 

Pitch) P Value

Four-seam 39.2◦ (67) 39.1◦ (541) .73

Sinker 33.4◦ (31) 34.4◦ (387) .76

Cutter 41.4◦ (18) 38.5◦ (222) .60

Changeup 37.4◦ (47) 36.4◦ (422) .62

Slider 38.0◦ (58) 38.3◦ (444) .70

Curveball 45.4◦ (39) 44.9◦ (252) .74

Splitter 43.2◦ (10) 40.9◦ (68) .74

Sweeper 31.8◦ (11) 33.9◦ (193) .97

UCLR, ulnar collateral ligament reconstruction.
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is a known risk factor for UCL injury,4 accurately 

quantifying true workload is beyond the scope of this 

study as (1) it is impossible to truly control for pitch 

volume as pitchers may throw year-round either in 

training or for winter and fall leagues and (2) pitchers 

may be called up to the major league mid-season and 

their pitch volume in the minor leagues has just as 

much of an impact on their elbow as pitches thrown in 

the major leagues. Aware of the limitation of strictly 

relying on counting in-season throwing totals, inno-

vative efforts to control pitchers’ workloads, such as 

wearable technology, are already being used 

throughout the season and offseason to quantify arm 

wear and tear and optimize recovery. Our study may 

also aid in decreasing UCLR rates by possibly guiding 

pitchers and coaches to select an appropriate pitch mix 

when building a pitch arsenal that will lead to career 

success and longevity. Lastly, while our statistical 

models were significant, their predictive ability remains 

modest, suggesting that additional kinematic and ki-

netic data may enhance future analyses.

Limitations

This study is not without limitations. The main lim-

itation of this study is the lack of control for injury 

history besides UCLR, fatigue, or biomechanical dif-

ferences that could account for discrepancies in the 

desired metrics.27,28 In addition, there are no estab-

lished minimal clinically important differences of these 

findings regarding UCLR risk, which may limit the 

strength of conclusions drawn concerning our results. 

The retrospective nature of this study is also prone to 

be influenced by unknown confounders and in-

troduces retrospective bias.

In addition, although age and handedness were 

significantly different between groups, we did not 

control for these variables, because there is no biome-

chanical or clinical rationale for why handedness 

would affect UCLR risk. Similarly, although pitchers in 

the UCLR group were significantly younger than those 

in the healthy league average group, this is somewhat 

counterintuitive, given that UCL injury typically de-

velops over time. A nonmatched analysis was pursued 

intentionally, as the study aimed to compare pitchers 

who underwent UCLR to a representative healthy 

league cohort.

Furthermore, 40 pitchers were excluded from the 

study because they did not have statistics recorded in 

Baseball Savant from the year before undergoing 

UCLR, which may further limit generalizability. 

The nature of the injury and the subsequent UCLR 

technique are also unknown, given our dataset.

Conclusions
This study demonstrates that specific pitch charac-

teristics, including increased velocity, increased spin 

rate, reduced glove-side horizontal movement of cut-

ters, and increased arm-side horizontal movement of 

changeups, are associated with an increased likelihood 

of undergoing UCLR.
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