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ABSTRACT

This study aimed to quantify and compare mean head acceleration event (HAE) incidence within and between men's and
women's rugby union competitions; quantify the incidence of HAEs during all contact-events and describe individual player
incidence. Players competing during the 2022/2023 season in women's (337 players; Premiership Women's Rugby, Farah Palmer
Cup) and men's (371 players; Premiership Rugby, Currie Cup and Super Rugby) competitions wore instrumented mouthguards
(iMGs). Mean HAE incidences using peak linear (PLA) and peak angular acceleration (PAA) were quantified by sex, positional
groups and individual players per competition and for contact-events across a range of magnitude thresholds. Within positional
groups, there was high between-player variability, with some players experiencing up to a 3-fold greater mean HAE incidence
than their positional average. Per full-game equivalent (FGE), men had significantly higher HAE incidences in most positional
groups and HAE magnitude thresholds compared to women ranging from approximately 0.11-3.44 HAEs per FGE. Incidence of
HAESs (PLA > 25 g) per FGE was lowest in scrums (0.00-0.04/FGE) and highest for tackles and ball carries (0.21-1.97/FGE) in
both women and men, whereas mauling was a frequent source of HAEs for men's back row (0.95/FGE). No significant differences
were observed between competitions for most positional groups and HAE magnitude thresholds in both men and women. Per
FGE, HAE incidences were similar within, but significant differences were apparent between men's and women's players. The
scrum had the lowest HAE incidence of all contact-events. Individual players can show large variation from the mean,
emphasising the importance of HAE mitigation strategies that include individual player monitoring and management processes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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Summary

e Within positional groups, there was high between-
player variability in both men and women players,
with some players experiencing up to three times
greater mean HAE incidence than their positional
average, emphasising the importance of HAE mitigation
strategies that prioritise individual player monitoring
processes and management strategies.

o Future research should prioritise investigating the fac-
tors that contribute to between-player variability to
further inform HAE mitigation strategies.

e On average, men's players had a significantly higher
HAE incidence per FGE in most positional groups and
HAE magnitude thresholds when compared to women's
players, whereas no significant differences were
observed between competitions for the majority of
playing positions and HAE magnitude thresholds per
FGE in both men and women.

e In addition to the tackle and ruck, mauls may signifi-
cantly contribute to HAE exposure in men's back row,
whereas the incidence of HAEs in scrums and lineouts
is of less concern for both men's and women's players.

1 | Introduction

Rugby union is a contact sport played by both men and women
globally (Heyward et al. 2022). There is a concern in rugby
union regarding the potential long-term effects of repetitive
head impacts on brain health (Iverson et al. 2023). Research in
American football has suggested significant associations be-
tween retrospective estimations of cumulative head impacts
throughout players' careers and chronic traumatic encephalop-
athy (Daneshvar et al. 2023) and neurocognitive impairments in
later life (Montenigro et al. 2017). Thus, accurately quantifying
player head impacts and investigating their clinical relevance in
contact sports are of utmost importance (Tooby et al. 2024).

Instrumented mouthguards (iMGs) have recently been used to
quantify head impacts during training and competition (Bussey
et al. 2023; Roe, Sawczuk, Owen, et al. 2024; Tooby et al. 2023).
Instrumented mouthguards are a validated technology for
measuring head acceleration events (Jones et al. 2022): the acute
acceleration of the head in response to an impacting force to the
head or body (Kuo et al. 2022). To date, findings in both men
and women's rugby union, based on either data from one
competition (e.g., Bussey et al. 2024) or aggregated across
competitions (e.g., Roe, Sawczuk, Owen, et al. 2024; Tooby
et al. 2023), suggest that on average, the majority of HAEs
(~95%-98%) experienced by players are lower in magnitude (i.e.,
< 30 g or 2000 rad/s®). However, it is not known if the number
of HAEs experienced by players differs between competitions.
Furthermore, the extent to which HAE incidence differs be-
tween men's and women's competition has only been assessed
in a small sample aggregate of multiple competitions (Tooby
et al. 2023) and warrants further investigation. Additionally,
HAE incidence has yet to be quantified for contact-events other

than the tackle and ruck (e.g., maul and scrum). Such infor-
mation is important for policymakers to determine appropriate
HAE mitigation strategies.

The HAE incidence in rugby union has primarily been reported
as mean findings, with little attention given to the between-
player variation (Bussey et al. 2023; Tooby et al. 2023).
Although a mean can provide a useful summary of important
data, as the variance around the mean increases, the summary
becomes less adequate (Speelman and McGann 2013). This
could be a particular issue within Poisson distributed analyses,
such as those used in HAE incidence studies (e.g., Roe, Sawc-
zuk, Owen, et al. (2024)), where the mean is equal to the vari-
ance. Therefore, as the mean increases, so too does the variance.
As such, it is unclear if some individual players are dispropor-
tionately accumulating more HAEs, which is important given
the potential effects of long-term HAE exposure on brain health
(Daneshvar et al., 2023). In view of this, player-monitoring
strategies can only be optimised if we understand whether
HAE incidence varies between players (Svaldi et al. 2020).
Furthermore, understanding between-player variability may
help determine future directions of research to support HAE
mitigation strategies (e.g., identifying factors that may influence
a disproportionate accumulation of HAEs in certain in-
dividuals). Therefore, the aims of the present study were to
quantify and compare the mean HAE incidence of players in
and between different men's and women's rugby union com-
petitions by the positional group; to quantify the incidence of
HAESs across all contact events and to explore how incidence
varies between players in the same position.

2 | Methods
2.1 | Study Design

A prospective observational study was conducted in rugby
union players from three professional men's and two semi-
professional women's rugby union competitions who partici-
pated in a World Rugby deployment of iMGs during the 2022/23
season. These included the highest level of domestic women's
competition in England (Premiership Women's Rugby) and
New Zealand (Farah Palmer Cup), and the highest level of do-
mestic men's competition in England (Premiership Rugby),
South Africa (Currie Cup) and Australia and New Zealand
(Super Rugby). Considering the specific position played in each
match (some players played different positions in different
matches), players were clustered into the following positional
groups (Quarrie et al. 2013); front-five, back-row, half-backs,
centres and outside-backs players. The number of players and
player-matches for each competition and positional group are
presented in Table 1. Ethics approval was received from the
University Ethics Committee (REF: 108638).

2.2 | Instrumented Mouthguard Data

All players underwent 3D dental scans and were provided with
custom-fit iMGs (Prevent Biometrics, Minneapolis, MN, USA).
The iMG contained an accelerometer and gyroscope that
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TABLE 1 | The number of players (player-matches) per competition by the positional group.

Front five Back row Half backs Centres Outside backs
Premiership Women's Rugby (W) 39 (143) 30 (86) 15 (40) 21 (67) 26 (67)
Farah Palmer Cup (W) 102 (251) 48 (111) 31 (76) 38 (71) 50 (116)
Premiership Rugby (M) 80 (429) 41 (206) 19 (69) 18 (99) 35 (177)
Currie Cup (M) 53 (230) 38 (164) 25 (83) 19 (72) 27 (94)
Super Rugby (M) 30 (78) 10 (21) 5 (13) 8 (17) 13 (33)

Abbreviation: M, men; W and women.

sampled at 3200 Hz with measured ranges of + 200 g and
=+ 35 rad/s. Coupling of the iMG to the upper dentation was
determined by way of infrared proximity sensors. Laboratory
validation of the Prevent Biometrics iMG yielded a concordance
correlation coefficient of 0.984 (95% CI: 0.977-0.989), whereas
field-based video-verification analysis yielded a positive predic-
tive value of 0.94 (0.92-0.95) and a sensitivity value 0.75 (0.67-
0.83) during the on-field video-verification validation (Jones
et al. 2022).

A discretised period of kinematics (—10 ms and +40 ms from
trigger point) was stored for each HAE and linear kinematics
were transformed to the estimated head centre of gravity (CoG)
using the relative acceleration equation. Each HAE was classi-
fied as a true positive or false positive by an in-house Prevent
Biometrics algorithm based on infrared proximity sensor read-
ings and kinematics. Linear and angular kinematics were
filtered by Prevent Biometrics using a four-pole, zero phase and
low-pass Butterworth filter with a 200 Hz cutoff frequency.
Another in-house Prevent Biometrics algorithm classified HAEs
based on the level of noise in the signal as minimal (n = 61,333),
moderate (n = 4714) or severe (n = 1641). Additional filtering
was applied via Prevent Biometrics to HAEs classified with
moderate and severe noise with cutoff frequencies of 100 and
50 Hz, respectively. Peak linear acceleration (PLA) and peak
angular acceleration (PAA) values were calculated by extracting
peak resultant values from each HAE.

Video analysis data of all contact-events during all competi-
tions were acquired from Opta, provided by StatPerform
(Chicago, IL, USA). Instrumented players' data were exported
from the Prevent Biometrics Portal (Prevent Biometrics, Min-
neapolis, MN, USA), and PLA and PAA values below 5 g and
400 rad/s? respectively, were excluded at this point based on
previous recommendations (Tooby et al. 2023). Accelerometer,
gyroscope and proximity sensor data were synchronised to
video timestamps of contact-events using MATLAB (Math-
Works, UK, version R2023a). A HAE was linked to a collision
event if their timestamps occurred within 10 seconds of one
another. Only contact-events that had corresponding proximity
sensor data for the instrumented player were used in the
analysis (Tooby et al. 2023). This method had an 86.4% accu-
racy (unpublished data). Subsequently, video verification of all
HAEs was undertaken to ensure they were associated with a
contact-event. Contact-events that had proximity sensor data
for the instrumented player were used in the analysis (Tooby
et al. 2023).

2.3 | Head Acceleration Event Thresholds

The linear trigger threshold utilised using iMGs can cause a
‘linear trigger bias’ that can result in false negatives (Tooby
et al. 2024; Wang et al. 2021). These false negatives have been
shown to occur in PLA magnitudes up to 30 g in iMGs with a
10 g trigger threshold (Wang et al. 2021). In the present study,
the iMG technology utilised an 8 g trigger threshold. Therefore,
modelling of count data included all HAESs, in addition to HAESs
at magnitudes > 25 g to minimise the risk of false negatives,
increasing in 15 g increments. A corresponding PAA magnitude
of > 2 krad/s® was used, increasing in increments of 1 krad/s>
(Roe, Sawczuk, Owen, et al. 2024).

2.3.1 | Statistical Analysis

To quantify the HAEs experienced by players during match-
play, generalised linear mixed models, assuming a Poisson dis-
tribution, were used. Models were run individually for counts of
all HAEs and of PLA > 25, 40 and 55 g, PAA > 2, 3 and 4 krad/s®
and combinations of PLA > 25 g and PAA > 2 krad/s?,
PLA > 40 g and PAA > 3 krad/s> and PLA > 55 g and
PAA > 4 krad/s®. Attempts were made to model higher mag-
nitudes, but the models would not converge beyond those
detailed here. All analyses were conducted in R (4.3.2), with the
glmmTMB (Brooks et al. 2024) and emmeans (lenth et al. 2024)
packages used.

24 | Competition and Positional Group Mean
HAE Incidence

For mean incidences, two models were produced for each
magnitude threshold; one to compare differences between
competitions and one to compare differences between sexes for
each positional group. In both models, a fully factorial fixed
effects structure was used. For the competition analysis, posi-
tional group, competition and the logarithm of minutes played
were used to estimate the number of HAEs experienced by an
athlete for each positional group competition combination per
full game equivalent (FGE; i.e., 80 min). At the time of writing,
World Rugby guidelines state that transgender women cannot
play women's rugby. Therefore, it was assumed that women's
players were all female and men's players were all male. For the
sex analysis, positional group, sex and the logarithm of minutes
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played were used to estimate the number of HAESs experienced
by an athlete for each positional group sex comparison per FGE.
In both models, random effects of player ID (to account for
players competing in multiple matches) and fixture ID (to ac-
count for multiple players playing in the same match) were
added as individual random intercepts. Incidences are presented
as mean and 95% confidence intervals (CIs) to two decimal
places. Differences between means were interpreted as signifi-
cant and meaningful when the confidence intervals of the es-
timates did not overlap (Noguchi and Marmolejo-Ramos 2016).

2.5 | Contact-Event HAE Incidence

Unmodelled estimates of the incidence of HAEs at different
magnitudes for each contact-event were produced using the
epiR package (Stevenson and Sergeant, 2024). Ninety-five
percent confidence intervals were calculated using the “byar”
methodology (Rothman, 2012). HAE incidences are provided
per FGE based on the contact-event frequencies provided by
Roe, Sawczuk, Collins, et al. 2024.

2.6 | Individual Player HAE Incidence

For individual incidences, model estimated means from the 25 g
model were used. To obtain individual means, the competition,
positional group, median minutes for the player and player ID
random effect were used. This differs from the positional group
means, which used the competition, positional group and com-
petition*positional group median minutes played, with no
random effect adjustment. The random effect adjustment for the
player adjusts the player's mean incidence up or down dependent
on the quantity and magnitude of data supporting its movement.

3 | Results

3.1 | HAE Incidence in Women's and Men's
Competitions

HAE incidence was not significantly different between women's
competitions in any positional group for any HAE magnitude
threshold (Figure 1), except for all HAEs for outside backs
(Farah Palmer Cup 12.0 [10.6-13.7] vs. Premiership Women's
Rugby 8.1 [6.9-9.6]). Similarly, differences between men's
competitions were predominantly not significant (Figure 1).
Where significant differences were observed, certain positional
groups in Super Rugby (i.e., front five, centres and outside
backs) demonstrated higher HAE incidences than for those
positions in other competitions, with HAE incidence ranging
between approximately 1.5-5.4 HAEs per FGE on average.

3.2 | Differences Between Women's and Men's
Competitions

HAE incidence was significantly lower in women than in men
for all PLA magnitudes, except for halfbacks, where women's
HAE incidence was lower for PLA > 25 g only (Figure 1). Men

versus Women differences ranged from approximately 6.2 to
21.8 for all HAEs and 0.11 to 3.44 HAE per FGE at modelled
thresholds, with back row, front five and centres demonstrating
the largest differences. Both PAA and the combination of PAA
and PLA magnitude thresholds showed similar patterns, where
women had significantly fewer HAE than men at lower HAE
thresholds (PAA > 2 krad/s% PLA > 25 g and PAA > 2 krad/s?),
with values ranging from approximately 0.5-2.5 HAE per FGE.
No differences were observed at the highest HAE thresholds
modelled (PAA > 4 krad/s%; PLA > 55 g and PAA > 4 krad/s?).
At PAA > 3 krad/s? and PLA > 40 g and PAA > 3 krad/s?,
women's front five, back row and centres had lower HAE
incidence than men, all < 0.35 per FGE.

3.3 | HAE Incidence in Contact Events

Figures 2-5 detail the incidence of HAEs associated with each
contact-event per FGE. Incidence rates decreased as HAE
magnitude thresholds increased for both men's and women's
players across all positions. For all HAEs (PLA > 5 g or
PAA > 400 rad/s®), contact-event incidence rates ranged from
0.19 (0.12-0.28 per FGE; scrum in women's back row) to 12.90
(12.42-13.38 per FGE; tackle in men's back row) per FGE.

At the lower magnitude thresholds (PLA > 25 g, Figure 3A,B;
PAA > 2000 rad/s®, Figure 4A,B; and a combination of both;
Figure 5A,B), incidence rates ranged from 0.00 (0.00-0.02 per
FGE; scrum in women's front five; Figure 3A) to 1.97 (1.79-2.17
per FGE; tackling in men's back row; Figure 3B) per FGE.
Above PLA of 40 g (Figure 3C,D; PAA > 3000 rad/s?, Figure 4C,
D; and a combination of both Figure 5C,D), incidence rates
ranged from 0.00 (0.00-0.01 per FGE; scrums in women's front
five) to 0.54 (0.45-0.64 per FGE; tackle in men's back row) per
FGE. At the highest thresholds analysed (PLA > 55 g, Figure 3E,
F; PAA > 4000 rad/s>?, Figure 4E,F; and a combination of both,
Figure 5E,F), incidence rates ranged from 0.00 (0.00-0.01 per
FGE; scrums in women's front five) to 0.16 (0.11-0.22 per FGE;
tackle in men's back row) per FGE.

3.4 | Individual Player HAE Incidence

Figure 6 illustrates the estimated mean incidence of
HAEs > 25 g for each positional group and competition per
median playing time in addition to each individual player's
mean incidence. Within each positional group and competition,
there was a wide range of HAE incidences between players,
with certain players experiencing substantially more HAEs per
FGE than the corresponding positional group mean incidence
and their peers. For example, in Currie Cup, two back-row
players had a mean HAE incidence per FGE over twice that
of the group's mean incidence (11.28 [8.57-14.85] and 8.69
[5.90-12.80] vs. 4.15 [3.47-4.95]). Similarly, a front-five player in
Farah Palmer Cup experienced approximately a three-fold
greater HAE incidence than the mean (2.83 [1.69-4.73] vs.
0.84 [0.70-1.01]), and a centre in Premiership Women's Rugby
had an HAE incidence 2.7-fold greater (2.39 [1.47-3.86) vs. 0.90
[0.60-1.35]) than their respective competition positional group
mean.
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| The mean HAE incidence for different HAE magnitude thresholds experienced by men's and women's positional groups per FGE in
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FIGURE 4 |
players per positional group [median contact events per FGE].

4 | Discussion

The aims of the present study were to quantify and compare the
mean HAE incidence of players in and between different men's
and women's rugby union competitions by the positional group;
to quantify the incidence of HAEs across all contact events and
to explore how incidence varies between players in the same
position. An important finding of the present study was that
some players experienced a substantially higher mean HAE
incidence in comparison to the mean and other players within
their respective competition and positional group, whereas
other players experienced significantly fewer HAEs. This em-
phasises the potential importance of HAE mitigation strategies
that individualise player-monitoring processes and strategies to
manage those whose exposure is deemed to be high. This argues

Incidence (95% CI) of HAEs above PAA thresholds per FGE associated with each contact-event for women and men rugby union

against generic and potentially inappropriate management
strategies that impose specific limits on players, since the indi-
vidual variation means a single limit will both under and over-
manage players within a team, even when in the same playing
position.

Furthermore, on average, men's players had a significantly
higher HAE incidence per FGE in most positional groups and
HAE magnitude thresholds when compared to women's players.
Incidence of HAEs per FGE was lowest in scrums and highest for
tackles and ball-carries in both women's and men's players,
whereas the maul was a relatively frequent source of HAEs for
men's back row players. No significant differences were observed
between competitions for the majority of playing positions and
HAE magnitude thresholds per FGE in both men's and women's.

7 of 12

85U80|7 SUOWWIOD @A e8I (e (dde 8Ly Aq pausenob ae sejonse VO @sn JO Sa|nJ Joj Akeiq1T8uljuO 3|1 UO (SUORIPUOO-pUe-SWLRY/LI0D A8 1M A1 BUIUO//:SANY) SUORIPUOD pue swi | 8y} 89S *[5202/90/TT] uo AriqiTauluo fe|im ‘Aisieniun 1exoed spsa Aq G622T 05 e/z00T 0T/I0p/wiod" A8 | Azeiq 1 jputjuo//Sdny woly papeojumod ‘9 ‘5202 ‘06229€ST



A) HAESs >25 g and >2 krad/s? per FGE for women

08

B) HAEs >25 g and >2 krad/s? per FGE for men

12
1.18 0.91
Tackle (1.04 to 1.33) (0.75 10 1.10)
373 [0.97]
Ball ©31100.40
all-carry
Y1 e -
023
4 (019t0029)
Attacking Ruck Hraei
- 018 .
i - 14 to 0.24)
Defending Ruck Bs] 06
019
i ] (©o7t00.42)
Lineout [28.26]
a2 03
d (0.18t0 0.31) -
Maul [11.08)
0.01
] (0oot003 00100,
Scrum 14521 o mmm
T T T T T 0
Front five Back row  Half backs Centres Outside backs

D) HAEs >40 g and >3 krad/s? per FGE for men

0.27 026
Tackle | (02110035) (0.16 10 0.40)
[11.60] 110.15]
0.15 023 0.08 0.18 019
Balcary | GRS elne  mm eqdio | M.
0.08 012 0.04 0.13 006
Attacking Ruck - (Mgr.:]m m[:;o,:]m) m;::ollxm m‘lp;]wl mmm
0.06 0.08 0.02 0.08 06
Defending Ruck - ‘“l‘;;.‘l*"” "’“’g;e']“s) Mr’"_g;;-'m W[';;“lml «m?1 f‘,’-,',"" 04
0.04 0.00
Lineout ‘”[‘;,ﬂ:l‘” N;:z';:]m
0.04 008 o2
Maul { ©%tloos oo
0.00 0.00
Scrum “"ﬁ,‘f’"" L D
. - T . . [}
Frontfive  Backrow Half backs Centres Outside backs
C) HAESs >40 g and >3 krad/s? per FGE for women o
Tackle | ©azioomn o . o
[11.60] [14.58] [10.15] [1.54] [7.56]
0.02 001 004 0.06 005
Ballcarry 1 O%%a™ e ol 7o o
. 0.01 0.02 0.00 0.03 0.03
Attacking Ruck Mﬁ ;;qw) NJ:: : 7:137! (n.nmnn]mm m;o ';;IIMI mll sr::lm
0.01 0.02 0.00 0.00 0.02
Defending Ruck - <W[33 o r:m) m&mm mm;lm) (0-0& v;gml «u[-’t;:]m 010
0.00 0.00
Lineout - “’%‘“ "’-‘:“;;2]-”'
002 0.00 005
Maul ‘“‘“?,‘3,‘;‘“’ ‘“l‘l,f‘,’:]“'
0.00 0.00
Scrum - ‘n“}‘::#” ‘“"f"x,:]m'
Frnn;: five Bal:kI row Half I;acks Csnltres Outsidle backs ’
E) HAEs 555 g and >4 krad/s? per FGE for women
T 005 7 0.05
Tackle (Mlg:;:lﬂ) (0-0[?1!;2]-“' (n.un:ﬂ 0.04)
Ball-carry - (omoig'om) (nnnanf‘mm) m“{:'mm (nm":'umj mm“:‘ 0.03) 0.04
17.08] [©10] 12) 18.70] 15:%0]
0.00 001 0.00 0.01
Attacking Ruck ““;': :’u;lm (nt: ;n 7:;!) mn: ‘::‘:m - (0.00 l;:z] 0.04) -
0.00 0.00 0.00 0.00 0.01
Defending Ruck - ‘“”f;‘;ﬂ“’ N?sgz'}m """{‘1!;7‘“’ Nﬂrz‘:‘ 'lum m:'llm;
0.00 0.00 0.02
Lineout | ©4o010  @lo0z
000 000
Maul «mlli, n;.r;m magg‘nlm) 001
0.00 0.00
Scrum Nmﬁ:f’s:]m) m['::s'lllm
' r r + r 0
Front five Back row  Half backs Centres Outside backs

Heat map scale for men 1.5 x incidence rate for women

FIGURE 5 |

026 0.22
Tackle (0-20 t0 0.34) (0.14t0 0.32)
[13.73] [©.97]
0.09 007 002 0.08 0.09
Ball-carry 4 (007100413 (0.04100.12) (0.00 to 0.06) (0.04100.15) {0.06 10 0.13)
(5.89) [7.64) [381] (623 (634
. 0.06 0.08 0.00 0.05 0.04 02
Attacking Ruck 4  (0.03t00.08) (0.05100.13) (0.00to 0.03) (0.02100.11) (0.02100.07)
[17.55 4.7 2731 [8.03] [5:58]
0.03 011 0.02 0.03 0.03
angnding Ruck 4 (0.02t0 0.08) (0.07 t0 0.16) (0.00 to 0.08) (0.01 to 0.08) {0.01 t0 0.07)
74 5.43] 1.54] 271 [1.69]
0.04 0.00
4 (ooton1s) (-0.00 1o 0.26)
Lineout B A i
lm”‘o.m (Mn”%.m
4 to to
Maul s i
000 0.00
4 (ooto0.02) (0.00 10 0.02)
Scrum asg robvy
T T T T T 0
Frontfive Backrow Half backs Centres Outside backs
F) HAEs >55 g and >4 krad/s? per FGE for men
007
005 0.06 005 005
Tackle 0.03 10 0.07) (0.03 10 0.10) (0.02100.10) (0.03 t0 0.10)
[m.e7 [13.73] 9.97] [6.19]
006
0.02 0.02 .01 0.04
Ball-carry { (00110009 (0.01 to 0.05) {0.00 t0 0.04) (0.01100.08)
y 585 784 .81 [6.23]
005
Attacking Ruck mmﬂ'ﬂm 0.02 0.00 0.01 0.00
b to (( )
cking Rucl ML (nm“ u;” oo A s
004
- mﬂ'ﬂ I 0.01 0.00 0.01
Defending Ruck { (© Bra A ) e
003
0.00 0.00
o4 (0.00t00.09) 00 to 0.26)
Lineout 2824 (o oL, )
0.01 002 002
4 (00010003 o
Maul o8 Mm “OIMD
ane o8 001
1 oo (0.00 10 0.
Scrum 11452 nuz]w
T T T T T 0
Frontfive  Backrow Half backs Centres Outside backs

Incidence (95% CI) of HAEs above combined PLA and PAA thresholds per FGE associated with each contact-event for women and

men rugby union players per positional group [median contact events per FGE].

4.1 | Individual Variation

This study makes a novel and important contribution to the HAE
literature because it shows large individual player HAE differ-
ences compared to the positional group mean in each competi-
tion (Figure 6). Certain players experienced a higher mean
incidence in comparison to the majority of other players. Due to
natural variability around the mean, it is expected that some
players will have more or fewer HAEs than the group mean.
However, given that HAE exposure has implications for player
welfare, particularly in the longer term (Daneshvar et al. 2023;
Montenigro et al. 2017), research is required to explore potential

reasons why some players experience more head accelerations
than others (e.g., tackling and ball-carrying technique (Wood-
ward et al. 2024)) to help inform HAE mitigation interventions.

Based on the findings presented here, policymakers may wish to
consider HAE mitigation strategies in rugby union that priori-
tise individual player monitoring processes and management
strategies for those whose exposure is deemed to be excessive.
However, in the present study, only one season of data were
collected. Therefore, it is not possible to know if players natu-
rally vary high or low relative to the mean across different
seasons and thus whether a single season's HAE exposure is
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FIGURE 6 | The mean incidence of HAEs > 25 g for each positional group and competition per median playing time in addition to each individual
player's mean incidence. Only players who participated in three or more matches in the model were included for figure clarity.

representative of their whole career. Research is urgently
needed to understand both the cause and clinical relevance of
cumulative HAE exposure over multiple seasons and whole
careers in rugby union players to help guide such mitigation
strategies.

4.2 | HAE Incidence in Women's Versus Men's
Competitions

For a large proportion of playing positions and magnitude
thresholds, mean HAE incidence per FGE was significantly
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greater for men's players than women's players except for
PAA > 4 krad/s> and PLA > 55 g and PAA > 4 krad/s’
(Figure 1). Similar observations were made in a sample of elite
players from different competitions (Tooby et al. 2023), in which
men were reported to have significantly higher mean HAE
incidence per 60 min of match play than women at ‘medium’
(PLA between 5 and 30 g and PAA between 400 and 2.0 krad/s?)
and ‘higher’ magnitudes (PLA > 30 g or PAA > 2.0 krad/s®).
Given that the frequency of collision events in matches is
similar between the sexes (Roe, Sawczuk, Collins, et al. 2024),
this finding suggests that intensity of contact events is greater in
the men's game. This is potentially due to dissimilarities in
physical characteristics between male and female rugby union
players (Posthumus et al. 2020; Yao et al. 2021) and thus the
potential forces that can be produced and experienced during
contact-events.

At the highest magnitude thresholds modelled in the present
study (PLA > 55 g, PAA > 4 krad/s® or a combination of both),
differences between women's and men's players were all < 0.4
HAE per FGE and/or not significant (Figure 1). However, it is
likely that these differences would broaden and become statis-
tically and practically significant across multiple games and
seasons (e.g., half or full season and playing career) (Sawczuk
et al. 2024). Higher HAE magnitudes have been associated with
significant changes in brain biomarkers (> 50 g Bari et al. 2019;
Svaldi et al. 2020) and increased concussion risk (increases from
50% upwards starting at magnitudes approximately > 60 g in
American Football (Freeman 2018)). In the present study, the
incidence of higher magnitude HAEs for PLA (> 55 g) was
significantly greater in the men's than women's game for most
positions (Figure 1). However, recent data from high-level do-
mestic competition in England suggests that concussion inci-
dence is similar between the sexes (Williams 2024). Therefore, it
is possible that women players are more susceptible to con-
cussions at lower magnitudes of HAE in comparison to men.
Further research is required to establish the relationship be-
tween HAEs and concussion in both sexes and the implications
for long-term brain health outcomes.

4.3 | HAE Incidence in Contact-Events

Similar to previous research, tackle and ball-carry had the
highest incidence (Roe, Sawczuk, Owen, et al. 2024; Tooby
et al. 2023), whereas a novel finding of the study was that scrums
had the lowest incidence. For example, on average, a front-five
player would be expected to experience one HAE > 25 g in
approximately 209 FGEs for women's and 25 FGE's for men's
players from scrums, respectively, whereas back row players
would be expected to experience one HAE > 25 g from scrums in
every 115 and 31 FGE's for men's and women's players respec-
tively. This is comparatively much lower than the documented
one HAE (> 25 g) every 2.2 and 0.9 FGEs for tackles in women's
and men's players, respectively. Furthermore, another novel
finding was that mauls may provide a frequent source of HAE for
men's back row players (e.g., one in every 1.1 FGE; PLA > 25 g),
whereas lineouts were comparatively lower for all positions
(approximately one in every five FGEs in men's and one in every
25 for women's players; PLA > 25 g).

4.4 | HAE Incidence in Women's and Men's
Competitions

There were no significant differences in HAE incidence rates
between the women's competitions per positional group except
for overall HAE incidence in outside backs (Figure 1). Similarly,
in men's competitions, incidence rates of HAE were predomi-
nantly similar for each competition per positional group
(Figure 1). These findings support recent research which re-
ported similarities between different women's and men's com-
petitions with respect to the number of contact-events that
players were involved in during a match (Roe, Sawczuk, Collins,
et al. 2024). Where differences were observed between men's
competitions, the majority were at lower magnitude thresholds
(All HAEs, PLA > 25 g, PAA > 2 krad/s® or a combination of
both) with absolute differences ranging from approximately 1.5-
5.4 HAE per FGE on average.

However, competitions may vary with respect to the number of
games players play. For example, players in the Currie Cup may
play a maximum of 14 games, whereas in Premiership Rugby,
players may play up to 20 matches in a competitive season.
Furthermore, players also typically play in multiple competi-
tions throughout a season (e.g., domestic league and cup, in
addition to international), so the actual number of matches a
player could play may be in excess of 30 FGEs (Sawczuk
et al. 2024). Thus, the total seasonal HAE exposure of players in
different competitions, and players within these competitions is
likely to vary within a season and across seasons (Sawczuk
et al. 2024). Therefore, policymakers considering monitoring
and possibly regulating HAE exposure may need to consider the
total number of potential games played by a player in a
competitive season or individual HAE limits, over shorter (e.g.,
months), medium (e.g., playing season) or longer-term (e.g.,
players career) periods of time, within an individualised moni-
toring process as described above.

4.5 | Limitations

Although this study provides several important and novel in-
sights, it has some limitations. As in other iMG research (e.g.,
Tooby et al. 2023; Roe, Sawczuk, Owen, et al. 2024), recruitment
of players relied on voluntary participation, which likely resul-
ted in volunteer and sampling bias. Additionally, the analysis
undertaken in the current study presented data per FGE to
allow comparisons between competitions and sexes. As can be
seen in Figure 1, even when confidence intervals overlapped,
point estimates often differed. Thus, it is possible that these
differences would have been magnified if multiple games were
modelled (e.g., a half or full season). Furthermore, international
competition was not assessed. Given that collision intensities
increase as competition standard increases (Tierney et al. 2021),
it is possible that the number of HAEs experienced by inter-
national players may be higher than domestic. Finally, the ac-
curacy of the unmodelled incidence estimates is uncertain as
they do not account for the hierarchical structure of the data.
Attempts to model the structure of the data using Poisson and
Binomial distributions were unsuccessful. Although unmod-
elled incidences are the norm in sports injury and HAE
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literature, future research should attempt to find modelling
solutions for this problem so that more accurate estimates of
incidence can be produced.

5 | Conclusion

This study provides HAE incidences across a range of magni-
tude thresholds in men's and women's top domestic competi-
tions per positional group contact-event and at an individual
level. The results demonstrated that even within positional
groups, there was a high between-player variability, with some
players experiencing up to three times greater mean HAE
incidence than their positional average. This emphasises the
importance of HAE mitigation strategies that prioritise indi-
vidual player monitoring processes and management strategies.
Differences in HAE incidence between men's and women's
competition per FGE suggest that women may be more sus-
ceptible to concussion at lower HAE magnitudes in comparison
to men. However, future longitudinal research is required to
investigate these relationships. In addition to the tackle and
ruck, mauls may significantly contribute to HAE exposure in
men's back row, whereas the incidence of HAEs in scrums and
lineouts is of less concern for both men's and women's players.
Although HAE incidence within men's and women's competi-
tions were similar per FGE, differences in competition lengths
will influence players' seasonal HAE exposure.
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