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Abstract

Context: While bone health remains a critical concern for women of all ages, there exists
limited research on the comprehensive incidence of fractures among female collegiate athletes.
Objective: To describe the epidemiology of sport-related fractures across women’s National
Collegiate Athletic Association (NCAA) sports.

Design: Descriptive epidemiology study

Setting: Injury surveillance in collegiate women’s sports.

Patients or other participants: Women competing in NCAA sports d 2009/10-2018/19.
Main outcome measures: \We examined fracture frequencies a ' tions by sport,
mechanism of injury, the injured body part, and injury hi n ed a Bayesian framework to
estimate fracture rates (per 10,000 AEs) by sport andieveft type:

Results: The NCAA ISP recorded 944 fractures across allwomen’s sports during the study
period, and fractures were most frequently re ong lower extremity body parts.
Fractures were most commonly reportegiias -contact/overuse injuries (39.0%), although

equipment/apparatus contact mec\ s accounted for > 60% of fractures reported in field
I

hockey and ice hockey. Fracture rrence was most prevalently noted in track and field

(17.8%) and gymna % )¥The posterior mean overall injury rate was 2.16 per 10,000

AEs (95% Credible | .39, 3.44]), and the highest overall rate was estimated in
gymnastics (Posterior mean= 6.29; 95% Credible Interval: [3.70, 10.31]).

Conclusions: Our findings indicate that fractures in women’s gymnastics, lower leg fractures
and fractures attributed to non-contact/overuse mechanisms, particularly among long-distance

runners, warrant further attention in this population. Our results can inform targeted research

efforts aimed at better understanding and improving bone health outcomes for female athletes.
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Introduction

Bone health is a critical concern for women of all ages,’ and bone injuries sustained
during adolescence and early adulthood can not only be associated with short-term
encumbrance but can also have lasting effects on functional capabilities and later life health
outcomes.?*® Bone fractures during key developmental stages are of particular concern due to
their potential for significant acute pain and prolonged recovery periods.*® In addition, bone

fractures during adolescence and early adulthood may also disrupt normal bone growth and

remodeling,”” increasing the risk of developing osteopenia or osteopor@sis later in life.® Given
the potential short-term severity and long-term implications of bg s, it is imperative to
<

examine the features of these injuries in young women pi%gical data suggest that rates
of bone fractures are highest among adolescent an adult®omen,*'° and that fractures

are primarily attributed to sport and recreational mechani in these age groups.

Collegiate competition represent @avenue for amateur sport participation in

¢
the US. Athletes competing at t Ie\ considered elite and are performing at high
a

standards that exert a signific urden on their bodies. During 2023/24, over 230,000

student-athletes co en’s collegiate sports as part of the National Collegiate

Athletic Association nd participation in NCAA women’s sports has followed an
increasing trajectory over recent decades." The large number of young adult women competing
at this elite level, coupled with the fact that fractures are typically attributed to sport and

recreation in this population, underscores the need to understand the burden of fractures on this

group of athletes.

Public health and injury surveillance systems serve as invaluable epidemiological tools
for assessing the extent and nature of injury issues across various populations.' The NCAA

has maintained an injury surveillance system for more than four decades, and this system,
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known in its current form as the NCAA Injury Surveillance Program (ISP), is widely recognized
as a preeminent surveillance method for examining the injury burden among NCAA athletes.""
Since its inception, the system has recorded over 40,000 injuries in women’s sports, thereby
providing an ideal platform for investigating the extent of bone fractures in this demographic
sub-group. Previous epidemiological research in this group has indicated a high incidence of

bone stress fractures in NCAA women’s sports, with an estimated incidence density of ~13 per

100,000 athlete-exposures.' In addition, previous research suggests that overuse bone

fractures pose a particular problem in this population.’® However, ther&iafk of

comprehensive data on the incidence and characteristics of bone fi ong women
competing in NCAA sports. Accordingly, our objective was‘o rac the epidemiology of
such fractures among NCAA women’s sports using inj a e data captured across a

10-year period.

Methods @

We analyzed data captu e NCAA ISP during the 2009/10-2018/19 academic

years. The NCAA ISP, manag in ependent non-profit research organization, Datalys

Center for Sports InJ and Prevention, is an essential tool for monitoring sports

injuries in NCAA at ' methods employed by the surveillance program have been

13,14

previously reviewed, deemed exempt, and thoroughly described in past studies; we outline

them briefly below.

Study data

During our study period, the NCAA ISP employed a convenience sampling scheme
coupled with a rolling recruitment model to collect data. We focused on data captured within the

following women'’s sports (as these represent sports in which data were consistently captured
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across the study period): basketball, cross country, field hockey, gymnastics, ice hockey,
lacrosse, softball, soccer, swimming and diving, tennis, track and field, and volleyball. Athletic
Trainers (ATs) at the participating institutions contributed to the data collection, providing
exposure and injury data using their clinical Electronic Medical Record (EMR) systems. Data
were extracted from EMR systems using a common data element export standard, and
extracted data were de-identified and subjected to a series of automated verification

procedures.™ A reportable injury was defined as an injury that occurred due to participation in

an organized intercollegiate practice or competition and necessitated medical attention by a
team Certified Athletic Trainer or physician, regardless of the incurrgdatim . For each
reportable injury, the ISP captured crucial details regardingth jury he circumstances

leading to the injury. An exposure was defined as an

am-sanctioned athletic activity where

student-athletes participated and were potentially "exp88ed" to the risk of injury.™ Along with

injury details, the ISP also captured specifics wg these exposure events, including the

number of participants in each event. We details to estimate the at-risk exposure

time in terms of athlete-exposur ?A\ fined as a single athlete participating in one NCAA-

sanctioned practice or competition eVent. % '"'8

Data analysis

We analyzed fracture frequencies and distributions by various characteristics such as
sport, mechanism of injury (player contact, equipment/apparatus contact, non-contact/overuse,
other/unknown), the injured body part, and injury history (new, recurrent, other/unknown). We
utilized a Bayesian framework to estimate rates (per 10,000 AEs) of fractures reported by sport
and event type. We briefly describe our conceptual approach for characterizing fracture
incidence below; details regarding each step in our analytical process, along with accompanying

Stan programs and posterior predictive checks, are included in Supplemental File 1.
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Utilizing Bayesian inference in sports injury surveillance

The premise of our approach for estimating incidence density utilizing a Bayesian
framework was the conceptualization of injury rates as underlying factors driving the observed
injury counts. The goal of Bayesian analysis is to estimate distributions of parameters of interest
by combining prior beliefs with observed data through a specified model, and subsequently
describe the characteristics of these posterior distributions.'®?° Although delving into the
mathematical philosophies underpinning the frequentist (i.e. classical) and Bayesian methods is

beyond the scope of this manuscript, one primary advantage of the B@pproach in this

context is the ability to directly comment on the parameters of inter icularly their
variability."®? For instance, while classical methods allow fort n of observed injury
rates and corresponding confidence intervals, the Bayg€Sia \ interval provides a

plausible range of values for the injury rate itself. In contrast, the classical confidence interval is

0

a property of repeated sampling, indicating thmmpling procedure was repeated n number

of times, a certain fraction (i.e., commonl %) of the resulting intervals would be

expected to contain the true, ye r&\ jury rate. Furthermore, observational studies and
injury surveillance often yield i parse data across various variable contrasts or

categories. In such casg al approaches may render parameters of interest inestimable.

The Bayesian frame ever, offers a means to obtain realistic values for those
parameters. Ultimately, our objective is not to advocate for the superiority of one approach over
the other. Instead, we aim to present a different analytical perspective on injury surveillance
data, offering more nuanced inferences than classical approaches.

We employed a negative binomial model for calculating injury rates, which
accommodated for overdispersion in injury counts. In Bayesian inference, it is typical to assign
prior distributions for each parameter included within a modeling framework.'®? For the analysis

of injury rates using a negative binomial model, we used Gamma (1,500) as the prior for the rate

parameter and Beta (5,100) as the prior for the overdispersion parameter. Our analytical
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models were customized and written in Stan.?' We compiled and fit these models using the
rstan package in R, running 2000 iterations across four chains to ensure convergence and
sufficient posterior sampling.'®" Models were fit using No-U-Turn sampling, an advanced
Markov Chain Monte Carlo algorithm and an extension of the Hamiltonian Monte Carlo
method."2' Posterior samples of the injury rates and probabilities were extracted for inference,
and model diagnostics such as R and effective sample size (ESS), were computed to assess

the convergence and efficiency of the sampling methods (details on model assessment criteria

using these metrics are included in Supplemental File 1)."%2’ \

Results
<
Fracture distributions by body part, injury mechanisQN
During the study period, the NCAA ISP recorded 944 fractures across all women’s
sports (Table 1). Fractures were most freque ported among lower extremity body parts

(Table 2). Over one-third of all fractures\epo in cross country (39.3%), gymnastics (32.4%),
and track and field (41.1%) were a \ the foot. Similarly, a large proportion of fractures
in cross country and track a

&

field hockey, and appr@ ely 44% of all fractures in ice hockey and softball.

ield Were attributed to the lower leg (Table 2). The hand and

wrist were also com ured body parts, accounting for 55.1% of all reported fractures in

Fractures in NCAA women’s sports were most commonly reported as non-contact/overuse
injuries (Table 3). Most fractures reported in cross country (91.1%), swimming and diving
(92.3%) and track and field (81.1%) were attributed to such mechanisms. Notably,
equipment/apparatus contact accounted for > 60% of fractures reported in field hockey and ice
hockey, and 57.9% of fractures reported in softball (Table 3). Most fractures in women's sports

during the study period were also reported as new injuries (Table 3). The prevalence of
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recurrent fractures was highest in track and field (17.8%) and gymnastics (17.6%). Among all
reported fractures, 17.1% (n = 161) were classified as chronic injuries (72.4% were classified as
not chronic).

Fracture incidence rates

The 944 fractures captured were recorded over 4,804,395 athlete exposures (AES)
across the study period. Using our Bayesian approach, we obtained distributions of various
injury rates, enabling us to understand their features comprehensively. For the overall fracture
rate, the posterior mean rate (obtained using the posterior distribution e overall rate

calculated using both observed data and prior information) was ,000 AEs (Table 1).

g
frx to 3.44. This interval
e rate’in NCAA women’s sports lies

event type, the posterior mean

The 95% Credible Interval (Cred. Int.) for this rate rang

indicates that there is a 95% probability that the truehac
between 1.39 and 3.44 per 10,000 AEs. When stratifying
competition rate was 3.66 per 10,000 AEs, wi@: Credible Interval from 2.32 to 5.83. For
practices, the posterior mean rate was 471 peg10,000 AEs, with a 95% Credible Interval from

1.09to 2.72 (Table 1). The posten\\ te ratio between competition and practice rates

was 2.26, with a 95% Credible!Int I'fanging from 1.09 to 4.24. This result suggests that we

&

The posterior mean overall injury rate was highest in gymnastics (6.29 per 10,000 AEs;

can be 95% confide fraeture rate during competitions is truly higher than the fracture

rate during practices pulation.

95% Cred. Int.: [3.70, 10.31]), followed by cross country (4.04 per 10,000 AEs; [95% Cred. Int.:

2.42, 6.60]), and field hockey (3.38 per 10,000 AEs; 95% Cred. Int.: [1.96, 5.86]) (Table 1). The

posterior mean practice rate was also highest in gymnastics, at 6.17 per 10,000 AEs (95% Cred.

Int.: [3.70, 10.04]). Cross country (3.96 per 10,000 AEs; 95% Cred. Int.: [2.30, 6.74]) and
basketball (2.60 per 10,000 AEs; 95% Cred. Int.: 1.59, 4.27) followed in terms of estimated

practice incidence density. In contrast, the posterior mean competition rate was highest in field
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hockey (8.14 per 10,000 AEs; 95% Cred. Int.: [4.48, 14.03)), followed by gymnastics (7.42 per
10,000 AEs; 95% Cred. Int.: [2.86, 15.22]), and soccer (6.88 per 10,000 AEs; [95% Cred. Int.:

4.28, 11.20]).

Discussion

In this study, we examined the epidemiology of fractures reported in NCAA women’s
sports during a 10-year time span. While fractures are a concern in both men’s and women’s
sports, we focused on NCAA women'’s sports given the growing body ofiliterature emphasizing
life course bone health in women, as well as the continued atten '@ors such as energy
availability, hormonal influences, and long-term muscul I% al'Qutcomes in female athletes.
Our results indicate that fractures among NCAA wo ’ hletes predominantly affect
the lower leg and foot and are most commonly reported asjpon-contact/overuse injuries across

several sports. The observed prevalence of r fractures in gymnastics and track and field

are also noteworthy, suggesting grgategfracttitg recurrence in these groups. Our Bayesian

models indicate that fracture inci e, thie population is highest in gymnastics, cross country,

and field hockey, respectivelygiwiththe highest competition-related injury rate in field hockey.

Fracture Distributiong by Body Part

Our data indicate that fractures predominantly affect the lower extremities in NCAA
women's sports, with a notable prevalence of foot and lower leg fractures across several sports.
These findings align with existing literature and are biomechanically plausible given the
movement dynamics inherent to the sports examined herein.'>?? For instance, the high
prevalence of foot and lower leg fractures in cross country is unsurprising, considering the
significant stress placed on these areas during long-distance running.?® We also observed
similar results in soccer, which is intuitive given the nature of the sport. Previous studies have

identified the lower extremities as the most frequently injured body regions in soccer;'® however,
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further investigation is needed to better understand the athlete characteristics, injury inciting
events, and contextual factors contributing to fracture occurrence in this population. With
regards to upper extremity fractures, we observed a notable proportion of hand/wrist fractures in
field hockey, ice hockey, and volleyball in our study. These body parts are frequently utilized
during gameplay in these sports and may therefore be at risk of inadvertent contact with
equipment or opponents.?* Our findings are in alignment with the existing literature on fracture
characteristics in these specific sports, and future efforts may be directed toward closely
examining the circumstances under which hand/wrist fractures occur ip, these sports. These
fractures may be viable targets for primary prevention strategies, s &se of protective
equipment or the implementation of improved training tect@iq tha hasize proper hand
positioning and impact mitigation strategies. \
Distribution of Fractures by Mechanism of Injury

Data examined in this study indicate th tures in NCAA women'’s sports
predominantly occur due to non-contact @mechanisms, which aligns with the
existing literature on bone injuri ﬁ male athletes.?® Such fractures were prevalently reported
among cross country and trac letes. Existing research suggests that female
runners may be at incpe@® %eruse and stress fractures due to low energy availability,

take relative to energy expenditure.?® Low energy availability can

defined as insufficie
lead to disruptions in menstrual cycles and subsequently decreased bone mineral density,
thereby increasing fracture susceptibility.?”?® Previous research also suggests that stress
fractures from repetitive load-bearing, as in cross-country running, may predispose athletes to
chronic bone density issues and heightened risk for future fractures.?® The observed prevalence
of non-contact and overuse fractures in our study underscores the potential role of diet and
nutrition in injury risk assessment.***' Future longitudinal studies on bone health markers are

necessary among female runners in particular to identify potential relationships between dietary
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patterns and bone health, and to determine appropriate intervention points for improving bone
health outcomes.

In contrast with the above-mentioned pattern in fracture mechanisms, fractures in soccer
and basketball were most commonly attributed to player contact mechanisms. Indeed, we noted
that ~41% of all fractures in soccer and basketball were attributed to player contact
mechanisms. The prevalence of player contact-resultant fractures in soccer and basketball may
be considered reflective of the high-contact nature of these sports, where players frequently

engage in physical confrontations.'®3?7* Previous research among sogcer athletes in particular
co

suggests that tackling and sudden directional changes may be not ibutors to contact

injuries in this population.*® While player contact is also a well- ogn aspect of basketball
gameplay, further investigation is needed to identify t speN ing events that contribute to
contact-related injuries in this sport.>*%3” Understandif@.the interaction between frequently

fractured body parts and fracture mechanisms 4 o essential in this regard, as the dynamics

between anatomical site and injury mech ape long-term bone health and recovery

trajectories in female athletes. Py indiCate that fractures caused by high-impact

chrease susceptibility to joint degeneration and

fore, future research should seek to clarify the mechanisms

mechanisms, such as player ¢

early-onset osteoarthri

driving site-specific female athletes, with a particular emphasis on the potential
interplay between injury Iocation and mechanism on long-term bone health.

Equipment and apparatus contact emerged as a notable mechanism of fracture injury in
field hockey, ice hockey, and softball. This may be unsurprising given the nature of these sports,
where athletes are vulnerable to abrupt equipment contact during gameplay.***' As noted
above, these data suggest that the implementation of enhanced protective equipment and

equipment-related safety measures may be effective in reducing the fracture burden in these

sports. Future research should focus on elucidating the specific inciting mechanisms of injury
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involved in these fractures to inform advancements in protective equipment design and usage
that may aid in prevention efforts.
Recurrent Fractures and Chronic Fractures

The prevalence of fracture recurrence varied by sport in our sample, with recurrent
fractures most notably reported in gymnastics and track and field. We note that in the ISP, injury
history is documented based on whether the athletic trainer classifies the injury as new or as a
recurrence from the current or previous academic year. Fracture recurrence can have significant
short-term and long-term implications. Recurrent fractures can lead toichronic pain, reduced
mobility, and an increased risk of osteoporosis, all of which further & likelihood of
additional fractures and long-term disability.> Moreover, regurr ractures may indicate
underlying bone health issues with serious long-term_ifplicatioms, Skch as reduced bone
mineral density.® We also noted that ~17% of all repo fractures in our study were reported as
chronic injuries. This is noteworthy and further scores the complexity of bone health in
female athletes, as chronic fractures may, Qdually due to cumulative stress and

inadequate bone remodeling. Exi tl’n% nce’indicates that energy availability, hormonal

imbalances, and low bone min ity?can impair bone remodeling and increase risk of

42

chronic fractures ove hile"these physiological characteristics are challenging to

elucidate using inju ce data, they should be specifically targeted in future,
prospective studies. Such studies are necessary to determine how bone health indicators can
serve as early markers for recurrent fracture risk and to understand how bone health progresses
through the aging process in female athletes and active women.*°
Fracture rates

Our findings indicate that fracture incidence in NCAA women'’s sports is nearly twice as
high in competitions as compared with practices, aligning with other sports medicine research

which indicates a higher injury incidence in competition settings.?” This can be attributed to the

inherently dynamic nature of competition gameplay and the relatively uncontrolled environments
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characteristic of competitive events compared to practices. Prior research has discussed how
the unpredictability of competitive environments increases the likelihood of fractures due to
sudden, high-impact events.*” As such, it becomes vital to further examine the sports in which
competition fracture incidence densities are highest. Our results suggest that competition
fracture incidence is highest in field hockey, followed by gymnastics, and then soccer. Coupled
with the fracture characteristics described herein, these findings offer important insights for
targeted evaluation and intervention. Specifically, we observed higher prevalences of contact

than non-contact fractures in field hockey and soccer. This suggests that,in field hockey and

soccer in particular, collision and impact events during play might begsigni contributors to

fracture risk.*® Emphasizing the importance of proper tech@qu(
e

the use of adequate protective equipment could potenfially re

dy awareness, and
e incidence of contact-

related fractures in these sports.*® Furthermore, a clos&fiexamination of the injury-inciting

events, particularly within the competition settmd help identify if policy or gameplay

considerations could reduce fracture inci e sports. There exist examples in youth

difications have been shown to positively impact

sport settings where effective g e’pX
injury incidence.>® Although notgi applicable to the present setting, this prior research may

offer blueprints for sinile tions’in collegiate field hockey and women's soccer.

Our findings cate that overall fracture incidence among NCAA women’s sports is

highest in gymnastics and cross country. The nature of gymnastics, involving high-impact
landings and complex routines, may inherently contribute to fracture risk among these
athletes.®" Similarly, cross country athletes may be prone to overuse injuries and stress
fractures due to repetitive high-mileage training on uneven terrain.>? Previous studies have also
noted a high fracture incidence in athletes of these sports, reinforcing the need for increased
focus on these populations.'®?? Considerable attention has been directed towards energy

availability and nutrition in runners, particularly in conversations surround their risk of stress

fractures. For instance, research has shown that inadequate calcium and vitamin D intake
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significantly increases the risk of stress fractures in runners.>*** Additionally, biomechanical
factors such as running gait and footwear have been identified as contributing factors to fracture
risk in runners.*® Coupled with the existing literature, our findings support the need for
developing sport-specific risk assessment and injury prevention programs that address the
unique risks associated with gymnastics and cross country.
Limitations

Findings presented herein provide a critical overview of fracture epidemiology in NCAA
women’s sports; however, they are limited by a number of factors. Th AA ISP employs a
convenience sampling scheme with a rolling recruitment model. As Krﬁcipation varies
by sport and year, potentially limiting the external validity c‘th findings. That said, NCAA ISP
recruitment strategies have evolved significantly overdime, I% a substantial improvement
in participation throughout the study period (reflecting, Yot instance, support and communication
from the NCAA Sport Science Institute). Regar, e estimates presented, we acknowledge
the ongoing debate within sports injury s 'I@rrounding the expression of at-risk
exposure time in terms of AEs. 3 e of'AEs offers an efficient reporting solution, it may
not represent the most precise ex

exposure time, potentially compromising the

precision of injury incid estimates. Additionally, we note that the ATs responsible for

reporting data are n¢ with study-specific diagnostic criteria or variable guidelines when
documenting injuries. Thisis particularly relevant to the reporting of injury history and chronicity,
as the ISP relies on AT clinical expertise and familiarity with an athletes’ medical background to
document these elements. As such, although NCAA ISP methods are designed to standardize
reporting practices, there remains potential for between-AT variability in reporting, which could
subsequently result in non-differential misclassification of the variables examined. Furthermore,
as noted above, we employed a distinctive analytical approach in this study. It is recognized that

Bayesian methods inherently involve subjective decision points, especially concerning prior

specifications. Our decisions were made with plausible and conservative considerations in mind,
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and were supported by prior sensitivity checks. Nevertheless, we have transparently disclosed
our decisions within the programs shared in the Supplemental file. We acknowledge that future
investigators may adjust these parameterizations in different applications of these methods
using surveillance data.
Conclusions

This study provides a comprehensive overview of fracture characteristics in collegiate
women’s sports over a 10-year period. Our findings provide valuable insights into fracture

characteristics in this population, highlighting the need for greater attemtion to lower-leg and foot
o

fractures, and to fractures among gymnastics athletes. As bone he a key focus in

women’s health across the life course, these results can ir‘or rge search efforts to

better understand and improve bone health outcomesgfor ferN etes during and beyond

%,
N

their athletic careers.

$S900E 93l} BIA /1-90-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



References

1. McPhee C, Aninye 10, Horan L. Recommendations for Improving Women’s Bone Health
Throughout the Lifespan. J Womens Health 2002. 2022;31(12):1671-1676.
doi:10.1089/jwh.2022.0361

2. Son MACYV, Vries JD, Roukema JA, Gosens T, Verhofstad MHJ, Oudsten BLD. The course of
health status and (health-related) quality of life following fracture of the lower extremity: a 6-
month follow-up study. Qual Life Res. 2015;25:1285. doi:10.1007/s11136-015-1167-4

3. Adachi JD, Adami S, Gehlbach S, et al. Impact of Prevalent Fractures on Quality of Life:
Baseline Results From the Global Longitudinal Study of Osteoporosis in Women. Mayo Clin
Proc. 2010;85(9):806. doi:10.4065/mcp.2010.0082

amenorrheic athletes compared with eumenorrheic athletes and no letic controls. J Clin

4. Ackerman KE, Nazem T, Chapko D, et al. Bone microarchitecture is,impaired in adolescent
Endocrinol Metab. 2011;96(10):3123-3133. doi:10.1210/jc.2011- \

5. Christoffersen T, Emaus N, Dennison E, et al. The associati een childhood fractures

and adolescence bone outcomes: a population-base sij A Tromsg Study, Fit Futures.
Osteoporos Int J Establ Result Coop Eur Found Ost€opor Osteoporos Found USA.
2018;29(2):441-450. doi:10.1007/s00198-017-43

6. Ackerman KE, Misra M. Bone health and the female ete triad in adolescent athletes. Phys

Sportsmed. 2011;39(1):131-141. doi:10.381 .2011.02.1871
7. Basener CJ, Mehlman CT, DiPasquale ) wihl disturbance after distal femoral growth
plate fractures in children: a meta-anglysi op Trauma. 2009;23(9):663-667.

doi:10.1097/BOT.0b013e3181 b

8. Rozenberg S, Bruyére O, Bergm
50. Maturitas. 2020;138:14 i:

t al. How to manage osteoporosis before the age of
.1016/j.maturitas.2020.05.004

9. Farr JN, Melton LJfA SJ, Atkinson EJ, Khosla S, Amin S. Fracture Incidence and
Characteristics i Its Aged 18 to 49 Years: A Population-Based Study. J Bone
Miner Res Off J Am,Soc Bone Miner Res. 2017;32(12):2347-2354. doi:10.1002/jbmr.3228

10. Wu AM, Bisignano C, James SL, et al. Global, regional, and national burden of bone
fractures in 204 countries and territories, 1990-2019: a systematic analysis from the Global
Burden of Disease Study 2019. Lancet Healthy Longev. 2021;2(9).e580-€592.
doi:10.1016/S2666-7568(21)00172-0

11. NCAA. Sports Sponsorship and Participation Rates Report STUDENT-ATHLETE NCAA.
Sports Sponsorship and Participation Rates. 2019. Accessed June 18, 2020. www.ncaa.org

12. Chandran A, Nedimyer AK, Register-Mihalik JK, DiPietro L, Kerr ZY. Comment on:
“Incidence, Severity, Aetiology and Prevention of Sports Injuries: A Review of Concepts.”
Sports Med. 2019;49(10):1621-1623. doi:10.1007/s40279-019-01154-1

13. Kerr ZY, Dawn Comstock R, Dompier TP, Marshall SW. The first decade of web-based
sports injury surveillance (2004-2005 through 2013-2014): Methods of the National collegiate

$S900E 981J BIA / 1-90-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



athletic Association injury surveillance program and high school reporting information online.
J Athl Train. 2018;53(8):729-737. doi:10.4085/1062-6050-143-17

14. Chandran A, Morris S, Wasserman E, Boltz A, Collins C. Methods of the National Collegiate
Athletic Association Injury Surveillance Program (NCAA ISP), 2014/15 through 2018/19. J
Athl Train.

15. Bratsman A, Wassef A, Wassef CR, Jayaram P, Mosely JB, Shybut TB. Epidemiology of
NCAA Bone Stress Injuries: A Comparison of Athletes in Divisions I, Il, and IIl. Orthop J
Sports Med. 2021;9(7):23259671211014496. doi:10.1177/23259671211014496

16. Roos KG, Marshall SW, Kerr ZY, et al. Epidemiology of overuse injuries in collegiate and
high school athletics in the United States. Am J Sports Med. 2015;43(7):1790-1797.
doi:10.1177/0363546515580790

17. Chandran A, Morris SN, Lempke LB, Boltz AJ, Robison HJ, Collins
Injuries in National Collegiate Athletic Association Women'’s Volleyball:
2018-2019. J Athl Train. 2021;56(7):666-673. doi:10.4085/1062460 =20

. Epidemiology of

€ idenology of injuries in
4-2015 through 2018-2019. J

18. Chandran A, Morris SN, Boltz AJ, Robison HJ, Colli
National Collegiate Athletic Association women’s s

2018.
\ 4

21. Carpenter B, Gelman A, Ho n ,
Stat Softw. 2017;76:1. doi:10.18687/jS8,v

22. Rizzone KH, Ackerman Ro G, Dompier TP, Kerr ZY. The epidemiology of stress
fractures in collegi n thletes, 2004-2005 through 2013-2014 academic years. J Athl

al. Stan: A Probabilistic Programming Language. J
76.i01

Train. 2017;52(10):966-97%} doi:10.4085/1062-6050-52.8.01

23. Kliethermes SA, S Joachim MR, Wille CM, Sanfilippo JL, Zavala P, Heiderscheit BC.
Lower step rate is associated with a higher risk of bone stress injury: a prospective study of
collegiate cross country runners. Br J Sports Med. 2021;55(15):851-856.
doi:10.1136/bjsports-2020-103833

24. Simpson AM, Donato DP, Veith J, Magno-Padron D, Agarwal JP. Hand and Wrist Injuries
Among Collegiate Athletes: The Role of Sex and Competition on Injury Rates and Severity.
Orthop J Sports Med. 2020;8(12):2325967120964622. doi:10.1177/2325967 120964622

25. Aicale R, Tarantino D, Maffulli N. Overuse injuries in sport: A comprehensive overview. J
Orthop Surg. 2018;13(1). doi:10.1186/s13018-018-1017-5

26. Hutson MJ, O’'Donnell E, Brooke-Wavell K, Sale C, Blagrove RC. Effects of Low Energy
Availability on Bone Health in Endurance Athletes and High-Impact Exercise as A Potential

$S900E 981J BIA / 1-90-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



Countermeasure: A Narrative Review. Sports Med Auckl NZ. 2021;51(3):391-403.
doi:10.1007/s40279-020-01396-4

27. Scofield KL, Hecht S. Bone Health in Endurance Athletes: Runners, Cyclists, and
Swimmers. Curr Sports Med Rep. 2012;11(6):328. doi:10.1249/JSR.0b013e3182779193

28. Lieberman JL, DE Souza MJ, Wagstaff DA, Williams NI. Menstrual Disruption with Exercise
Is Not Linked to an Energy Availability Threshold. Med Sci Sports Exerc. 2018;50(3):551-561.
doi:10.1249/MSS.0000000000001451

29. Griffin KL, Knight KB, Bass MA, Valliant MW. Predisposing Risk Factors for Stress Fractures
in Collegiate Cross-Country Runners. J Strength Cond Res. 2021;35(1):227.
doi:10.1519/JSC.0000000000002408

30. Kloubec J, Harris C. WHOLE FOODS NUTRITION FOR ENHANCED INJURY
PREVENTION AND HEALING. ACSMs Health Fit J. 2016;20(2):7.
doi:10.1249/FIT.0000000000000189

31. Webster J, Dalla Via J, Langley C, Smith C, Sale C, Sim M onal strategies to optimise
musculoskeletal health for fall and fracture prevention; (®okihg, beyd calcium, vitamin D
and protein. Bone Rep. 2023;19:101684. doi:10.10 j.bO& 101684

omechanics in Women'’s College

i:10.1249/MSS.0000000000000951

32. Lynall RC, Clark MD, Grand EE, et al. Head Impa
Soccer. Med Sci Sports Exerc. 2016;48(9):1772-1778:

33. Lempke LB, Chandran A, Boltz AJ, Robis ollins CL, Morris SN. Epidemiology of
injuries in National Collegiate Athletic AssodiationWomen'’s basketball: 2014-2015 through
2018-2019. J Athl Train. 2021 ;52(7): :10.4085/1062-6050-466-20

34. Rice SG. Medical ConditionsAffecting
848. doi:10.1542/peds.2008-00
35. Buckthorpe M, Pirli Capitani ares-Jabalera J, Olmo J, Della Villa F. Systematic video
analysis of ACL injfiries iqyprofessional Spanish male football (soccer): injury mechanisms,
5, biomeghanics and neurocognitive errors — a study on 115 consecutive
port

situational patter
cases. BMJ Ope erc Med. 2024;10(3):e002149. doi:10.1136/bmjsem-2024-002149

orts Participation. Pediatrics. 2008;121(4):841-

36. Wellm D, Jager J, Zentgraf K. Dismissing the idea that basketball is a “contactless” sport:
quantifying contacts during professional gameplay. Front Sports Act Living. 2024;6:1419088.
doi:10.3389/fspor.2024.1419088

37. Stojanovi¢ E, Stojilikovi¢ N, Scanlan AT, Dalbo VJ, Berkelmans DM, Milanovi¢ Z. The Activity
Demands and Physiological Responses Encountered During Basketball Match-Play: A
Systematic Review. Sports Med Auckl NZ. 2018;48(1):111-135. doi:10.1007/s40279-017-
0794-z

38. Lee HH, Chu CR. Clinical and Basic Science of Cartilage Injury and Arthritis in the Football
(Soccer) Athlete. Cartilage. 2012;3(1 Suppl):63S. doi:10.1177/1947603511426882

$S900E 981J BIA / 1-90-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



39. Nedimyer AK, Boltz AJ, Robison HJ, Collins CL, Morris SN, Chandran A. Epidemiology of
Injuries in National Collegiate Athletic Association Women'’s Field Hockey: 2014-2015
Through 2018-2019. J Athl Train. 2021;56(7):636-642. doi:10.4085/1062-6050-428-20

40. Chandran A, Nedimyer AK, Boltz AJ, Robison HJ, Collins CL, Morris SN. Epidemiology of
Injuries in National Collegiate Athletic Association Women'’s Ice Hockey: 2014-2015 Through
2018-2019. J Athl Train. 2021;56(7):695. doi:10.4085/1062-6050-546-20

41. Veillard KL, Boltz AJ, Robison HJ, Morris SN, Collins CL, Chandran A. Epidemiology of
Injuries in National Collegiate Athletic Association Women’s Softball: 2014-2015 Through
2018-2019. J Athl Train. 2021;56(7):734-741. doi:10.4085/1062-6050-668-20

42. Mountjoy M, Sundgot-Borgen JK, Burke LM, et al. IOC consensus statement on relative
energy deficiency in sport (RED-S): 2018 update. Br J Sports Med. 2018;52(11):687-697.
doi:10.1136/bjsports-2018-099193

43. Abbott A, Bird ,Mackenzie L., Wild ,Emily, Brown ,Symone M., Stewa g, and Mulcahey
MK. Part I: epidemiology and risk factors for stress fractures in f thietes. Phys
Sportsmed. 2020;48(1):17-24. doi:10.1080/00913847.2319.§

44 Nattiv A, Loucks AB, Manore MM, et al. American
The female athlete triad. Med Sci Sports Exerc.
doi:10.1249/mss.0b013e318149f111

45. Moreira CA, Bilezikian JP. Stress Fractures; cepts and Therapeutics. J Clin Endocrinol
Metab. 2017;102(2):525-534. doi:10.1210/j 720

46. Kanis JA, Johansson H, Odén A, et al. r ristics of recurrent fractures. Osteoporos Int
J Establ Result Coop Eur Found®Q oroSWNatl Osteoporos Found USA. 2018;29(8):1747.
doi:10.1007/s00198-018-450

47. Giménez JV, Castellano J  Zasada M, Gémez MA. Comparison of the Physical
Demands of Friend| s and)Different Types On-Field Integrated Training Sessions in
Professional Socg skt J Environ Res Public Health. 2020;17(8):2904.
doi:10.3390/ijerphf 708290

48. Braaten JA, Banovet , Braaten MC, Kennedy NI, LaPrade RF. Increased Risk of
Fracture, Dislocation, and Hospitalization Are Associated With Collision in Contact Sports.
Arthrosc Sports Med Rehabil. 2023;5(5):100781. doi:10.1016/j.asmr.2023.100781

49. étyriak R, Hadza R, Arriaza R, Augustovi¢ova D, Zemkova E. Effectiveness of Protective
Measures and Rules in Reducing the Incidence of Injuries in Combat Sports: A Scoping
Review. J Funct Morphol Kinesiol. 2023;8(4):150. doi:10.3390/jfmk8040150

50. Tokish JM, Shanley E, Kissenberth MJ, et al. Heads Up Football Training Decreases
Concussion Rates in High School Football Players. Orthop J Sports Med. 2017;5(3
suppl3):2325967117S00131. doi:10.1177/2325967117S00131

51. Campbell RA, Bradshaw EJ, Ball NB, Pease DL, Spratford W. Injury epidemiology and risk
factors in competitive artistic gymnasts: A systematic review. Br J Sports Med.
2019;53(17):1056-1069. doi:10.1136/bjsports-2018-099547

$S900E 981J BIA / 1-90-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



52. Kelsey JL, Bachrach LK, Procter-Gray E, et al. Risk factors for stress fracture among young
female cross-country runners. Med Sci Sports Exerc. 2007;39(9):1457-1463.
doi:10.1249/mss.0b013e318074e54b

53. Lappe J, Cullen D, Haynatzki G, Recker R, Ahlf R, Thompson K. Calcium and vitamin d
supplementation decreases incidence of stress fractures in female navy recruits. J Bone
Miner Res Off J Am Soc Bone Miner Res. 2008;23(5):741-749. doi:10.1359/jbmr.080102

54. Knechtle B, Jastrzebski Z, Hill L, Nikolaidis PT. Vitamin D and Stress Fractures in Sport:

Preventive and Therapeutic Measures—A Narrative Review. Medicina (Mex). 2021;57(3):223.

doi:10.3390/medicina57030223

55. Milner CE, Foch E, Gonzales JM, Petersen D. Biomechanics associated with tibial stress
fracture in runners: A systematic review and meta-analysis. J Sport Health Sci.

2023;12(3):333-342. doi:10.1016/j.jshs.2022.12.002 \
’\K%

%,
N

$S900E 93l} BIA /1-90-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



Table 1. Fracture frequencies; Athlete Exposures (AEs); and mean posterior rates per 10,000 AEs

(accompanied by 95% Credible Intervals) by sport

Overall Competitions Practices
165 55 110
619748 150226 469522
Basketball 2.91[1.82, 4.7] 4.07 [2.42, 6.87] 2.6 [1.59, 4.27]
56 6 50
152819 12528 140292
Cross Country 4.04 [2.42, 6.6] 5.78 [2.12, 12.59] 3.96 [2.3, 6.74]
49 28 21
161922 37803 124119
Field Hockey 3.38[1.96, 5.86] 8.14 [4.48, 14. 1.97 [1.01, 3.57]
68 61
118712 107459
Gymnastics 6.29 [3.7, 10.31] 6.17 [3.7, 10.04]
56 25
269479 195133
Ice Hockey 2.3[1.36, 3.75] 1.46 [0.76, 2.6]
63 41
393103 317552
Lacrosse 1.79[1.07, 3] [1.74, 5.83] 1.45[0.83, 2.47]
95 53 42
547374 226500 320874
Softball 1.92 [1.19, 3.1] 2.63[1.51, 4.39] 1.47 [0.84, 2.47]
174 103 71
669820 164358 505463
Soccer 2.85] 6.88 [4.28, 11.2] 1.58 [0.94, 2.72]
0 13
41107 417462
Swimming & Diving 0.34'[0. 0.27 [0.01, 1.04] 0.37 [0.18, 0.68]
6 6
12 25499 78912
Tennis [0.63, 2.64] 2.96 [1.06, 6.16] 0.96 [0.36, 2.04]
90 12 78
802719 102783 699936
Track and Field 1.25[0.76, 2.07] 1.38 [0.64, 2.62] 1.24 [0.75, 2.05]
103 37 66
505717 152642 353074
Volleyball 2.25[1.39, 3.64] 2.69 [1.51, 4.58] 2.07 [1.23, 3.47]
944 360 584
4804395 1074596 3729799
Overall 2.16 [1.39, 3.44] 3.66 [2.32, 5.83] 1.71[1.09, 2.72]

Note: Data presented in the order of reported number, followed by athlete exposures (AEs), estimated posterior mean injury rates, and
associated 95% Credible Intervals for each sport. Rates presented are unweighted, and based on reported data. Data pooled association-wide
are presented overall, and separately for practices and competitions. A reportable injury was one that occurred due to participation in an
organized intercollegiate practice or competition, and required medical attention by a team Certified Athletic Trainer or physician (regardless of
time loss). Only scheduled team practices and competitions were retained in this analysis.
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Table 2. Fracture distributions by body part (data presented as observed frequencies and proportions)

Arm/ Hand/ Head/ Hip/ Lower

Ankle Elbow Foot Wrist Face Groin Knee Leg Shoulder  Thigh Trunk

Basketball 6 (3.6) 5(3) 46 (27.9) 39(23.6) 32(194) 0(0) 6 (3.6) 26 (15.8) 0(0) 1(0.6) 4(24)
12
Cross Country 0 (0) 1(1.8) 22(39.3) 0(0) 0 (0) 0 (0) 33 9) 0(0) (21.4) 2(3.6)
Field Hockey 0(0) 0(0) 7 (14.3) 27 (55.1) 6(12.2) 4 8.2) 0 (0) 1(2) 4(8.2)
14

Gymnastics 4(5.9) 1(1.5) 22(324) 7(10.3) 1(1.5) 16 (23 5) 0 (0) 0(0) (20.6)
Ice Hockey 1(1.8) 4(7.1) 4(7.1) 25 (44.6) 0(0) 0 (ﬁ (12.5) 10 (17.9) 0 (0) 4(7.1)
Lacrosse 3(48) 2(3.2) 13 (20.6) 6(25.4) 8(12.7) 0 v 11 (17.5) 0(0) 4(6.3) 5(7.9)
Softball 1(1.1)  9(9.5) 12 (12.6) 2(44.2) 19(20) ) 1 (1 1) 8 (8.4) 0 (0) 2(2.1) 1(1.1)
Soccer 7(4.0) 13(7.5) 32(18.4) 1(17.8) 30(17.2) 1( 7 (4.0) 30 (17.2) 8 (4.6) 6(3.4) 9(5.2)
Swimming &
Diving 0(0) 1(7.7) 2(15.4) 0(0) 0(0) 0(0) 0(0) 1(7.7) 0(0) 9 (69.2)
Tennis 0(0) 1(8.3) 3 (25) 0(0) 0(0) 0(0) 3 (25) 1(8.3) 0(0) 3 (25)
Track and Field 2(22) 1(1.1) 37(41.1) 1?| 1) ) 0(0) 1(1.1) 34 (37.8) 0 (0) 9 (10) 5 (5.6)
Volleyball 4(39) 5(49) 27(26.2) (3.9) 0(0) 0(0) 15 (14.6) 1(1) 0(0) 9(8.7)
Overall 28 (2.9) 43(4.5) 227 (23.8) 101 (1.6) 1(0.1) 20(21) 173(181) 21(2.2) 35(3.7) 69(7.2)

Note: Data presented in the order of reported numb
distribution of reported fractures by body pa
Data pooled across event types are prese
practice or competition, and required medi
team practices and competitions were reta

the proportion of all injuries attributable to a given body part. Data represent the
luded in the analysis. Data presented are unweighted, and based on reported data.
portable injury was one that occurred due to participation in an organized intercollegiate

al attentioh by a team Certified Athletic Trainer or physician (regardless of time loss). Only scheduled

ed in thig/analysis.
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Table 3. Fracture distributions by mechanism of injury and injury history (data presented as observed frequencies
and proportions)

Mechanism of Injury Injury History
Player Equipment/ Non-contact/ Other/ New injury Recurrent Other/
contact Apparatus overuse Unknown injury Unknown
contact

Basketball 67 (40.6) 15 (9.1) 58 (35.2) 25 (15.2) 143 \ 13(7.9) 9 (5.5)
Cross
Country 0 (0) 0 (0) 51 (91.1) 5(8.9) ¢ (83 4(7.1) 5(8.9)
Field Hockey 3(6.1) 32 (65.3) 11 (22.4) 3 (6.1 41%83.7) 1(2) 7(14.3)
Gymnastics 0 (0) 13 (19.1) 33 (48.5) 22 (32°4) X( .9) 12 (17.6) 1(1.5)
Ice Hockey 5(8.9) 34 (60.7) 4(7.1) 13 (2 (92.9) 3(5.4) 1(1.8)
Lacrosse 16 (25.4) 16 (25.4) 5(39.7) 6 (9.5) 48 (76.2) 2(3.2) 13 (20.6)
Softball 8 (8.4) 55 (57.9) 2 (12.6) 21.1) 88 (92.6) 1(1.1) 6 (6.3)
Soccer 72 (41.4) 21 (12.1) 44 (25.3) 3) 145 (83.3) 18 (10.3) 11 (6.3)
Swimming &
Diving 0 (0) 0 (0) 1) 9 (69.2) 1(7.7) 3(23.1)
Tennis 0 (0) 2 (16.7) 1(8.3) 8 (66.7) 2 (16.7) 2 (16.7)
Track and
Field 0 (0) 0 (0) 17 (18.9) 63 (70) 16 (17.8) 11 (12.2)
Volleyball 16 (15.5) 22 (21.4) 25 (24.3) 81 (78.6) 8 (7.8) 14 (13.6)
Overall 187 (19.6) 210 (22:0) 175 (18.3) 780 (81.7) 81 (8.5) 83 (8.7)

Note: Data presented in the order of repo er, followed by the proportion of all injuries attributable to a given category. Data represent the
distribution of reported fractures by mechanign ddnjury history for each sport included in the analysis. Data presented are unweighted, and
based on reported data. Data pooled across evé pes are presented overall. A reportable injury was one that occurred due to participation in an
organized intercollegiate practice or competition, and required medical attention by a team Certified Athletic Trainer or physician (regardless of

time loss). Only scheduled team practices and competitions were retained in this analysis.
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Analytical approach & Model Assessment

Glossary of Sport Abbreviations

o BB-W: Women’s Basketball

e CC-W: Women’s Cross Country \
« FH-W: Women’s Field Hockey . @

e GY-W: Women’s Gymnastics \

o TH-W: Women'’s Ice Hockey

o LA-W: Women’s Lacrosse

e SB-W: Women’s Softball

e SO-W: Women’s Soccer L 3

e SW-W: Women’s Swimming an N

o TE-W: Women’s Tennis

¢« TR-W: Women]

¢ VB-W: Women’

Injury Rates

¢ The Bayesian framework allows for flexible estimation of injury rates by incorporating prior information
and handling overdispersion in injury counts. This approach yields realistic results even in cases of
sparse or variable data. Bayesian inference involves drawing samples, or simulations, from the posterior
distribution to represent the range of plausible values for each parameter. By generating these simulated
values, Bayesian models can capture complex patterns in the data, and the resulting credible intervals
for the injury rate offer a direct interpretation of injury rate uncertainty, representing a plausible range
of values based on observed data and prior beliefs.

e The approach is implemented in this specific analysis, using the Stan program noted below. The data
block initializes inputs to the model, specifying total injuries and total exposures as non-negative
values. Two key parameters of interest are defined within the parameters block. The injury_rate is
defined as a non-negative parameter, and models the rate of injury per unit of exposure, following
a broad, Gamma(1, 500) prior. The choice of the Gamma prior allows for substantial variability

$S900E 93l} BIA /1-90-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



and accommodates injury rate data with wide possible ranges. The overdispersion_ factor, constrained
between 0 and 1, handles potential overdispersion in the data by incorporating extra variability beyond
what a standard Poisson model would assume. This parameter uses a Beta(5, 100) prior, suggesting
realistic, and minor overdispersion. The prior specifications here are designed to be weakly informative,
allowing the data to primarily drive the estimates. During analysis, these priors were adjusted (e.g.,
Cauchy(0, 10)) based on model flexibility and diagnostic performance.

data {
int<lower=0> total_injuries; // Total number of injuries
real<lower=0> total_exposures; // Total number of exposures

}

parameters {
real<lower=0> injury_rate; // Injury rate parameter
real<lower=0, upper=1> overdispersion_factor; // Constrained to be small

}
model {
// Priors
injury_rate ~ gamma(l, 500); // Weakly informative ngLo
overdispersion_factor ~ beta(5, 100); // Weakly % r\ overdispersion prior
// Negative Binomial likelihood

total_injuries ~ neg_binomial_2(injury_rate * to exposures, 1 / overdispersion_factor);

}

generated quantities {
real std_injury_rate = injury_rate * 0 //#tandardized injury rate per 10,000 AEs

}
L 2
e The Stan model was fit using t package, with data passed as a list containing total injuries
and total exposures. No U phing was conducted with 2000 iterations across four chains.
Posterior distributions wepgél extragted” from the model fit to further analyze injury counts, simulate
future counts, an dictive checks for model validation.
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Overall rates: The table here includes observed injury counts and athlete exposures, alongside the estimated
posterior mean injury rates and 95% credible intervals from the Stan model described above.

## category Inj_rate
## 1 Overall 944; 4804395; 2.16 [1.39, 3.44]
## 2 BB-W 165; 619748; 2.91 [1.82, 4.7]
## 3 CC-W 56; 152819; 4.04 [2.42, 6.6]
## 4 FH-W  49; 161922; 3.38 [1.96, 5.86]
## 5 GY-W  68; 118712; 6.29 [3.7, 10.31]
## 6 IH-W 56; 269479; 2.3 [1.36, 3.75]
## 7 LA-W 63; 393103; 1.79 [1.07, 3]
## 8 SB-W 95; 547374; 1.92 [1.19, 3.1]
## 9 S0-W 174; 669820; 2.85 [1.79, 4.55]
## 10 SWw-w  13; 458570; 0.34 [0.16, 0.63]
## 11 TE-W  12; 104412; 1.37 [0.63, 2.64]
## 12 TR-W  90; 802719; 1.25 [0.76, 2.07]
## 13 VB-W 103; 505717; 2.25 [1.39, 3.64]

e Below are metrics for model diagnostics- R and ESS correspondi %imary parameters. R, is
referred to as the potential scale reduction factor, and ass b£§ conyerge cross No U-Turn sampling
process, with values less than or equal to 1.01 indicatingg® wel ing model. ESS stands or Effec-
tive Sample Size, and represents the amount of ind informmation in the posterior distribution,
with values over 400 for all parameters generally req o diagnose convergence.

## category std_rate_ESS std_rate_Rhat ov ispersion_ESS overdispersion_Rhat

## 1 Overall 1617 1.0023649 2137 0.9995629
## 2 BB-W 1864 1.0031178 1948 1.0015614
## 3 CC-W 2177 1.001 2439 1.0014948
## 4 FH-W 2079 2706 1.0023285
## 5 GY-W 1902 2937 1.0005764
## 6 IH-W 2125 2639 0.9993706
## 7 LA-W 2069 2480 1.0001267
## 8 SB-W 207 2401 0.9998725
## 9 S0-W . 2745 0.9996406
## 10 SW-W .0015977 2533 0.9998886
## 11 TE-W 0.9995384 2473 0.9996397
## 12 TR-W 1.0014848 2443 1.0004125
## 13 VB-W 1.0006988 2781 0.9998824
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Posterior Distribution of Overall Injury Counts
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Injury Counts

Each histogram displays simulated injury counts from the posterior distribution, overlaid with the observed injury count for each sport. The dashed
vertical line indicates the observed injury count, allowing for a visual assessment of how well the model predictions align with observed data. If the
observed count falls within the range of simulated values, it suggests that the model is adequately capturing the variability in the data.
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Posterior Distribution of Overall Injury Rates

Posterior distributions by Sport
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Each violin plot shows the posterior distribution of injury rates for each sport, with the observed rate plotted as a solid point. Each plot represents
the density of predicted injury rates, facilitating comparison between the observed rate and the distribution of predicted rates. If the observed rate
falls within the high-density region of the plot, it indicates that the model predictions are consistent with the observed data.
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Competition rates: The table here includes observed competition injury counts and athlete exposures,
along with estimated posterior mean injury rates and 95% credible intervals from the Stan model described
above.

#it category Inj_rate
## 1 Overall 360; 1074596; 3.66 [2.32, 5.83]
##t 2 BB-W 55; 150226; 4.07 [2.42, 6.87]
## 3 CC-W 6; 12528; 5.78 [2.12, 12.59]
## 4 FH-W 28; 37803; 8.14 [4.48, 14.03]
## 5 GY-W 7; 11254; 7.42 [2.86, 15.22]
## 6 IH-W 31; 74346; 4.65 [2.51, 8.16]
##t 7 LA-W 22; 75551; 3.32 [1.74, 5.83]
## 8 SB-W 53; 226500; 2.63 [1.51, 4.39]
## 9 SO0-W 103; 164358; 6.88 [4.28, 11.2]
## 10 SW-W 0; 41107; 0.27 [0.01, 1.04]
## 11 TE-W 6; 25499; 2.96 [1.06, 6.16]
## 12 TR-W 12; 102783; 1.38 [0.64, 2.62]
## 13 VB-W 37; 152642; 2.69 [1.51, 4.58]
e Below are metrics for model diagnostics- R and ESS corr b&) to t rimary parameters. These

models are compiled similarly to the overall data analys ostic metrics can be interpreted

following the guidelines provided above.

## category std_rate_ESS std_rate_Rhat overdisper n_ESS overdispersion_Rhat

## 1 Overall 1960 0.9995904 2111 1.0012959
## 2 BB-W 1864 1.0034002 2413 1.0012689
## 3 CC-W 3088 0.9994132 2870 0.9995680
## 4 FH-W 2195 1.000 2133 1.0006041
## 5 GY-W 3278 2747 1.0007626
## 6 IH-W 2468 2828 1.0006946
## 7 LA-W 2656 2466 1.0010857
## 8 SB-W 2439 2660 1.0007329
## 9 S0-W 129 2322 0.9998837
## 10 SW-W . 2224 1.0003864
## 11 TE-W 276 .0009967 2857 1.0001125
## 12 TR-W 2905 0.9998618 3536 1.0006252
## 13 VB-W 20 1.0014592 2468 1.0022735
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Posterior Distribution of Competition Injury Counts

Posterior distributions by Sport
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Injury Counts

Each histogram displays simulated injury counts from the posterior distribution, overlaid with the observed injury count for each sport (figures may
be interpreted per the descriptions above regarding the overall rate models).
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Posterior Distribution of Competition Injury Rates

Posterior distributions by Sport
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Each violin plot shows the posterior distribution of injury rates for each sport, with the observed rate plotted as a solid point (figures may be
interpreted per the descriptions above regarding the overall rate models).
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Practice rates: The table here includes observed practice injury counts and athlete exposures, along with
estimated posterior mean injury rates and 95% credible intervals from the Stan model described above.

## category Inj_rate
## 1 Overall 584; 3729799; 1.71 [1.09, 2.72]
## 2 BB-W  110; 469522; 2.6 [1.59, 4.27]
## 3 CC-W 50; 140292; 3.96 [2.3, 6.74]
## 4 FH-W  21; 124119; 1.97 [1.01, 3.57]
## 5 GY-W  61; 107459; 6.17 [3.7, 10.04]
## 6 IH-W 25; 195133; 1.46 [0.76, 2.6]
## 7 LA-W  41; 317552; 1.45 [0.83, 2.47]
## 8 SB-W  42; 320874; 1.47 [0.84, 2.47]
## 9 S0-W  71; 505463; 1.58 [0.94, 2.72]
## 10 Sw-w  13; 417462; 0.37 [0.18, 0.68]
## 11 TE-W 6; 78912; 0.96 [0.36, 2.04]
## 12 TR-W  78; 699936; 1.24 [0.75, 2.05]
## 13 VB-W  66; 353074; 2.07 [1.23, 3.47]

e Below are metrics for model diagnostics- R and ESS correspondin@t e peimary parameters. These
models are compiled similarly to the overall data analyses, affél th iagn: metrics can be interpreted
following the guidelines provided above.

## category std_rate_ESS std_rate_Rhat overdisp on_ESS overdispersion_Rhat

## 1 Overall 1707 1.0017781 2469 0.9995177
## 2 BB-W 1667 1.0017261 2202 0.9999842
## 3 CC-W 2548 1.0005204 2862 0.9997688
## 4 FH-W 2526 1.0006498 2355 1.0005671
## 5 GY-W 2201 1.001 2502 1.0009659
## 6 IH-W 2032 2512 0.9996769
## 7 LA-W 2160 2646 1.0013242
## 8 SB-W 2517 2393 1.0003991
## 9 SO0-W 1675 2382 0.9999249
## 10 SW-W 221 3048 0.9997454
## 11 TE-W 3 . 2804 0.9996116
## 12 TR-W .0000379 2160 0.9995498
## 13 VB-W 1.0009341 2530 1.0002518
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Posterior Distribution of Practice Injury Counts
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Each histogram displays simulated injury counts from the posterior distribution, overlaid with the observed injury count for each sport (figures may

be interpreted per the descriptions above regarding the overall rate models).
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Posterior Distribution of Practice Injury Rates

Posterior distributions by Sport
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Each violin plot shows the posterior distrib of in rates for each sport, with the observed rate plotted as a solid point (figures may be

interpreted per the descriptions a@ overall rate models).
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Rate comparisons

o A similar approach to what is described above to obtain injury rates via a Bayesian framework can be
implemented to compare rates between 2 groups. The underlying premise here would be to conceptu-
alize the effect estimate used to compare the rates as parameter of interest.

e The approach is implemented in this specific analysis, using the Stan program noted below. The data
block initializes inputs to the model, specifying injuries and exposures as non-negative values for two
separate groups. Subsequently, four parameters of interest are defined within the parameters block
to characterize group-specific injury rates. Lambdal and Lambda2 represent the injury rates for each
group as non-negative parameters, modeling the rate of injury per unit of exposure. These parameters
follow a broad, Gamma(1, 500) prior (similar to the single-group injury rate model described above) to
accommodate a wide range of possible rate values. Similarly, overdispersion parameters for each group
are defined and constrained between 0 and 1, using a Beta(5, 100) prior to account for additional
variability in the observed data beyond what is expected under a Poisson model. The priors are
weakly informative, allowing the observed data to primarily drive the posterior estimates. As with the
single-group model, prior specifications were adjusted (e.g., using Cau , 10)) to improve model
performance based on diagnostic results. In the generated quantities blo he posterior distribution
of the log rate ratio (logRR) is calculated as the difference in log inj tes een the two groups,
providing a natural logarithmic scale for comparison. The corres e ratio (RR) is obtained
by exponentiating the log rate ratio, yielding a more interp&ta comparigon of injury rates between
the two groups. This posterior distribution for the rate ratio allow§for direct probabilistic statements
about the relative injury rates, with credible interv: epreseuibin e uncertainty in this estimate
driven by both observed data and prior beliefs.

data {
int<lower=0> injl; // Injuries in group
real<lower=0> AEl; // Ezposures in grou
int<lower=0> inj2; // Injuries in grou
real<lower=0> AE2; // Ezposures in

}

parameters {
real<lower=0> lambdal; //
real<lower=0> lambda2; /

te for group 1
rate for group 2

real<lower=0, uppsg ispersionl; // Overdispersion for group 1
real<lower=0, upg ersion2; // Overdispersion for group 2
}
model {
// Priors

lambdal ~ gamma(l, 500);
lambda2 ~ gamma(l, 500);
overdispersionl ~ beta(5, 100);
overdispersion2 ~ beta(5, 100);

// Negative binomial likelihood for each group

injl ~ neg_binomial_2(lambdal * AE1l, 1 / overdispersionl);

inj2 ~ neg_binomial_2(lambda2 * AE2, 1 / overdispersion2);
}

generated quantities {
real logRR = log(lambdal / lambda2);
real RR = exp(logRR);

}

12
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e The Stan model was fit using the RStan package, with data passed as a list containing total injuries
and total exposures. No U-Turn Sampling was conducted with 2000 iterations across four chains to
ensure adequate exploration of the parameter space. Posterior distributions were extracted from the
model fit to perform predictive checks for model validation.

Injury rate ratio: Competition vs. Practice rates: The table here includes estimated posterior mean
injury rate ratios and 95% credible intervals from the Stan model described above.

##

IRR

## 1 2.26; [1.09, 4.24]

e Model diagnostics, R and ESS, for the primary parameters are included below. These models are
compiled similarly to the stratified injury rate analyses described above, and the diagnostic metrics
can be interpreted following the guidelines provided above as well.

## Parameter
## 1 RR
## 2 lambdal
## 3 lambda?2

## 4 overdispersionl
## 5 overdispersion2

Rhat
1.002020
1.002114
1.000289
1.000614
1.000890

ESS
2430
2226
2635

3364

3741

N\

13

X\
.\@)
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Posterior Distribution of Competition vs. Practice Injury Rate Ratio

Posterior Distribution of Rate Ratio: Competition vs. Practice
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