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rugby union (n = 1272 vs. 618) and league (n = 1569 vs. 706). As HAE magnitude
increased, the differences between positional groups decreased (e.g., rugby union;
n = 34 and 22 HAE >40 g for forwards and backs playing 30 FGEs). Currently, only a
relatively small proportion of rugby union (2.5%) and league (7.3%) players exceeded
25 FGEs. Estimating contact and HAEs per FGE allows policymakers to prospec-
tively plan and model estimated overall and position-specific loads over a season
and longer term. Reducing FGE limits by a small amount would currently only affect
contact and HAE exposure for a small proportion of players who complete the most
minutes. This may be beneficial for this cohort but is not an effective HAE and
contact exposure reduction strategy at a population level, which requires individual

player management. Given the positional differences, FGE limits should exist to
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1 | INTRODUCTION

Rugby union (RU) and rugby league (RL) are contact sports (Naugh-
ton et al., 2020; Paul et al., 2022) with a relatively high injury inci-
dence compared to other team sports (King et al., 2022; Williams
et al,, 2022). Governing bodies continue to make law and policy de-
cisions to reduce potential injury risks to players (Hendricks
et al., 2014, 2023; Raftery et al., 2020). In RU, law modification trials
(e.g., reduce legal height of tackle) have been undertaken, attempting
to reduce the risk of concussion (Stokes et al., 2021; van Tonder
et al, 2023). Similarly, limits on playing exposure (i.e., number of
matches and/or minutes played) have been considered. Based on the
association between playing exposure and injury risk, players are
limited to 30 full game equivalents (FGEs; i.e.,, 30 x 80 min) or 35
match involvements (>20-min duration) per season (Williams
et al, 2017). In RL, there are currently no published limits on the
number of matches or minutes players can participate in.

There is a growing concern surrounding the long-term effects of
concussion and repeated head impacts in sport (Eliason et al., 2023;
Iverson et al., 2023; Patricios et al., 2023). Consequently, contact and
head acceleration event (HAE) exposure of players is being

manage appropriate HAE and contact exposure.

athlete welfare, collision sport, player monitoring, policy

e Estimating contact events and head acceleration events (HAEs) per full game equivalents
(FGE, i.e., 80 minutes) allows policymakers to prospectively plan and model estimated
overall and position-specific loads over a season and longer term.

e Through retrospectively analysing FGE exposure, the findings demonstrate that only a small
proportion of rugby players would be affected by a feasible reduction in FGE limits, but the
difference in contact and HAE exposure for these players could be significant over the
duration of a playing career.

e Per FGE in both rugby codes, forwards have a greater expected contact and head accel-
eration event exposure than backs, and thus any implemented FGE limits should at least be

position group-specific and ideally incorporate individual player management.

considered (McCormack et al., 2022; Tierney et al., 2021; Tooby
et al., 2023). Match-event data can provide the contact exposure a
player experiences (e.g., ball-carry and tackle). Likewise, instru-
mented mouthguards (iMGs) provide a valid measure of HAEs (Jones
et al,, 2022; Tooby et al., 2024). Excluding training, a player's overall
contact and HAE exposure can be managed prospectively by limiting
the number of matches they can participate in. Although match-event
and HAE data have been considered within the literature individually
(Rennie et al., 2022; Tooby et al., 2023), these two measures have not
yet been combined. Using known HAE rates from a sample of iMG
data, alongside match-event data, can provide expected HAE expo-
sures for players (i.e., estimated number of HAEs based on match-
events and/or FGEs), which can then be used to prospectively
consider appropriate match limits. This could be applied across all
levels of sport, even in the absence of iMGs, which are now common
in some professional rugby competitions. (Roe et al., 2024; Rugby
Football League, 2023; World Rugby, 2023).

The aim of this study was to illustrate how a sample of iMG data
could be combined with match-event data to provide population level
HAE and contact information and inform match limits using profes-
sional RU and RL in England as examples. The specific research
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questions were (i) what is the current distribution of FGE? (ii) what is
the contact exposure per FGE? (iii) what is the expected HAE exposure
per FGE across a range of thresholds (>20 g, >40 g, >1500 rad/s>
and >3000 rad/s?)? and (iv) practically, how would changing the FGE
limits affect the expected contact and HAE exposure using the current
FGE distribution?

2 | METHODS

Event level match data were obtained for each player who partici-
pated in the Premiership (RU) or Super League (RL) from Stats
Perform (Stats Perform, London, UK) for one full season of a
competitive rugby match play. For RU, 324 matches were considered
between 1/9/21 and 31/7/22, including matches from the Premiership
(n = 156), Premiership Rugby Cup (n = 28), European Challenge Cup
(n = 23), European Champions Cup (n = 33), 6 Nations (n = 15), the
Rugby Championship (n = 12) and other Internationals, including the
Autumn and July internationals (n = 57). For RL, 215 matches were
considered between 1/2/22 and 31/12/22, including the Super League
(n = 167), Challenge Cup (n = 15), Rugby League World Cup (n = 31)
and Friendly Internationals (n = 2). All competitions were included to
capture the total match, contact and estimated HAE exposure expe-
rienced by players. Ethics approval was obtained prior to analysis.

This study focused specifically on players who participated in the
Premiership (RU) or Super League (RL) but considered all matches
they played in during a season of competitive match play (including
European competitions and international matches). Playing and
contact exposures were identified using Stats Perform match event
data and estimated HAE exposures were calculated across all
matches using previously published HAE rates.

2.1 | Data pre-processing

To be included in the analysis, players were required to have played at
least 1 min of a competitive match play in the Premiership (RU) or
Super League (RL). This resulted in a total playing population of 598 RU
(n = 347 forwards and n = 251 backs) and 402 RL (n = 183 forwards,
n = 182 backs and n = 37 unassigned) players. Playing positions were
provided by Stats Perform within their match-event data.

Total playing exposure in FGEs for each player was calculated as
the sum of their minutes played from all match involvements across
all competitions, as identified by Stats Perform, divided by 80. The
division by 80 converted playing exposure to FGE units similar to
previous research (Williams et al., 2017, 2023) and is more intuitive
than the total duration (e.g., 24 FGEs vs. 1920 min).

Contact exposure for each player was calculated as the sum of
contact event counts, extracted from match-event data. All defini-
tions and coding for contact events were based on the Stats Perform
user manual. In RU, any ball-carry leading to contact, tackle event,
missed tackle event where the player was “bumped off” and ruck

involvement were considered as contact events based on previous

iMG research (Tooby et al., 2023). In RL, any ball-carry leading to
contact, tackle event and missed tackle event where the player was
“bumped off” were considered as contact events. In both codes,
tackle and missed tackle events were grouped together as tackle
events for the calculation of HAE exposures.

The example HAE rates for RU were taken from published
literature (Tooby et al., 2023), which were based on 42 men's for-
wards and 23 men's backs. The example HAE rates for RL were
calculated using the same methodology, from a sample of unpub-
lished data (75 men's forwards and 75 men's backs). In both codes, all
players wore the same manufacturer's custom fit iMGs (Prevent
Biometrics), which has previously been validated (Jones et al., 2022).
Mean incidences for both codes and an example HAE exposure
calculation are provided in Table 1. The HAE exposure for each
player was calculated at four arbitrary thresholds (peak linear ac-
celeration [PLA] >20 g and >40 g and peak angular acceleration
[PAA] >1500 rad/s? and >3000 rad/s?). The thresholds were selected
in line with previous research (Wang et al., 2021) indicating an impact
producing a PLA of 10 g typically produces a PAA of 750 rad/s2 and
were provided to illustrate differences in the conclusions drawn
when a range of arbitrary thresholds were used. The HAE exposures
were calculated as the sum of each contact event count multiplied by
its incidence of HAEs above each threshold and a per minute of
playing time “other HAEs” rate, which was made up of HAEs expe-
rienced by players not associated with events coded for individual
players by Stats Perform (e.g., scrums, lineouts, mauls and other
contact events). These data were used to calculate estimated mean

HAE numbers from match-event data per season.

2.2 | Statistical analysis
To estimate the expected contact and HAE exposure conditional on
the number of FGEs and position, generalised linear models were
used. These models utilised a Poisson distribution, with an identity
link function to allow the linear relationship between minutes played
and contact counts to be evaluated. The use of the identity link
function also ensured that differences between positions could be
evaluated in raw units rather than odds ratios. Ten models were run
(five for RU and five for RL). One model used to estimate contact
exposure in each sport and four models for HAE exposure at
different thresholds (>20 g, >40 g, >1500 rad/s? and >3000 rad/s?).
In all models, the fixed effects included were position, FGEs played
and the position*FGEs played interaction term, which allowed for
differences in FGE slopes between positions to be estimated. No
statistical hypotheses or effect size thresholds were considered in
this study. The root mean squared error (RMSE) was calculated to
establish the variability between expected values and observed
values in this sample. Results are reported as integers in raw count
units (95% confidence intervals).

Descriptive statistics were used to calculate the practical impact of
reducing FGE limits on the expected contact and HAE exposure and the

number of players who would be affected by a reduction in FGE limits
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TABLE 1 Mean incidence of HAEs per contact event for each positional group and HAE threshold.
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>20g >40 g >1500 rad/s? >3000 rad/s? >20g >40 g >1500 rad/s? >3000 rad/s?
Contact event Forward Back
Rugby union
Ball-carry 0.26 0.03 0.25 0.01 0.24 0.04 0.22 0.04
Tackle 021 0.03 0.23 0.04 0.28 0.05 0.27 0.06
Ruck 0.10 0.01 0.07 0.01 0.12 0.01 0.08 0.01
Other (per min) 0.02 0.00 0.02 0.00 0.01 0.00 0.01 0.00
Rugby league
Ball-carry 0.12 0.01 0.14 0.01 0.12 0.02 0.13 0.02
Tackle 0.11 0.01 0.13 0.02 0.11 0.01 0.15 0.02
Other (per min) 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00

Note: Example: A rugby union forward with 100 playing minutes, which included 30 tackles, 10 ball-carries and 50 ruck involvements. Contact exposure:

30 tackles + 10 carries + 50 rucks = 90. HAE >20 g exposure: (30 tackles*0.26 [HAEs >20 g per tackle]) + (10 carries*0.21 [HAEs >20 g per
carry]) + (50 rucks*0.10 [HAEs >20 g per ruck]) + (100 min played*0.02 [HAEs >20 g per minute played]) = 16.9.

(i.e., the number of players who played a greater number of FGEs than
the reduced limit within the season analyzed). The implication was
analyzed for FGE limits from <20 FGEs to <30 FGEs for practical
illustration purposes. For RU, all values are compared to the current
limit, <30 FGEs; for RL, values are compared to <33 FGEs, the largest
amount completed by a player within the current study.

3 | RESULTS

3.1 | Distribution of playing exposure in rugby
union and rugby league players

The highest proportion of players played 0-5 FGEs in both RU (29.8%)
and RL (29.6%) (Figure 1). InRU, 12.0% of players completed >20 FGEs
and 2.5% completed >25 FGEs (Figure 1A). In RL, 19.2% of players
completed >20 FGEs and 7.2% completed >25 FGEs (Figure 1B).

3.2 | Contact exposure per FGE

Figure 2 shows the expected contact exposure for RU (Figure 2A)
and RL (Figure 2B) as a function of the FGEs played. Forwards
experience more contacts per FGE than backs in both RU and RL. In
RU, for every FGE played, forwards experience 42 (42-43) contacts,
and backs experience 20 (20-21) contacts. In RL, for every FGE
played, forwards experience 51 (51-52) contacts, and backs experi-
ence 24 (23-24) contacts.

3.3 | HAE exposure per FGE

Figure 2C-J show the expected HAE exposure at different thresholds
for FGEs played. In RU and RL, forwards have a greater HAE

exposure per FGE than backs for all thresholds. For HAE >20 g, the
expected exposure was 9 (9-9) per FGE for forwards and 4 (4-4) per
FGE for backs in RU. In RL, this was 6 (6-6) per FGE for forwards and
3 (3-3) per FGE for backs. For HAE >1500 rad/s?, the expected
exposure was 8 (8-8) per FGE for forwards and 4 (4-4) per FGE for
backs in RU. In RL, this was 8 (7-8) per FGE for forwards and 4 (4-4)
per FGE for backs.

3.4 | What is the practical impact of a change in
FGE limits?

Table 2 shows the expected contact exposure for a player per season
based on FGEs and the expected reduction in the number of contacts
as FGE limits are reduced in RU and RL. Tables 3 and 4 provide
similar information for expected HAE exposure at the four arbitrary
thresholds. Together, the tables show differences in the maximum
contact and HAE exposures by different FGE limits.

In RU, if FGE limits were reduced from 30 to 20 per season, the
expected contact exposure for a forward playing 30 versus 20 FGEs
would decrease from 1272 (1265-1279) to 849 (844-843). For
backs, it would decrease from 618 (613-624) to 413 (409-416). The
expected HAE >20 g exposure would decrease from 266 (263-269)
to 177 (175-179) for forwards and from 132 (130-135) to 88 (87-
90) for backs playing 30 versus 20 FGEs. Based on the distribution of
FGEs completed in RU (Figure 1), these changes would affect 72
(12.0%) of players (34 [9.8%] forwards and 38 [15.1%] backs).

In RL, a FGE limit of 20 per season compared to the maximum
FGEs played (i.e., 33 vs. 20 FGEs) would reduce the expected contact
exposure from 1723 (1710-1736) to 1056 (1049-1063) for forwards
and from 777 (770-783) to 470 (466-474) for backs. The expected
HAE >20 g exposure would decrease from 196 (192-201) to 120
(118-123) for forwards and from 102 (99-104) to 62 (60-63) for
backs playing 33 versus 20 FGEs. Based on the distribution of FGEs
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FIGURE 1 The percentage and number of players who are exposed to a range of FGEs in a competitive season of (A) rugby union and

(B) rugby league match play.

completed in RL, these changes would affect 77 (19.2%) of players
(24 [13.1%] forwards and 53 backs [29.1%)]).

4 | DISCUSSION

The aim of this study was to combine a sample of iMG data with match-
event data to provide population level contact and HAE exposure in-
formation and inform match limits using professional RU and RL. There
are two key findings. Firstly, a relatively large reduction in FGE match
limits is required to impact a large proportion of players within the
respective rugby populations, given the current competition structure
(i.e., available matches to play) and squad management policies (e.g.,
player rotation or recovery from injury). However, the career-long
cumulative impact of reduced FGEs (and subsequent contact and
HAESs) may be important for the small proportion of players who would
be affected by a reduction in FGEs and should be considered by poli-
cymakers, alongside individual player management strategies. The FGE
match limits will likely evolve over time, in line with the increased
collective understanding of the dose-response relationship between
contact and HAE and any negative health outcomes. Secondly, for-
wards experience significantly more contact and HAEs per FGE than
backs. Therefore, if the intention in managing game exposure is to
reduce head impact load, the appropriateness of forwards and backs
having the same FGE limits should be considered. Consequently, any
implemented FGE limits should be position group-specific, and possibly

even position-specific based on future research.
4.1 | Combining samples of iMG data with match-
event data

In this study, using a sample of iMG data combined with match-event

data, insights into expected contact and HAE exposures were made.

Although the results are extrapolated estimations, they show that
important insights can be gleaned without access to iMG data from
the full population of players. Instrumented mouthguards have now
been mandated as part of the HIA protocol in the elite game globally,
including within some professional RU and RL competitions (Rugby
Football League, 2023; World Rugby, 2023). This will make it possible
to individually manage players based on HAE limits, if desired. The
method used in this study can be used concurrent to individual player
management strategies. Individual player data will only be available
after the activity, whereas the method used in this study can pro-
spectively plan for expected contact and HAEs, based on FGEs.
Furthermore, where iMGs are not available (e.g., sub-elite levels), the
method used in this study can support planning if representative iMG
and match event data can be sourced. Other applications not
considered in this study include the ability to assess the impact of law
modification trials on overall HAE exposure through the manipulation
of the rate multipliers and the ability to retrospectively estimate HAE
exposure for previous seasons. Furthermore, researchers may wish
to consider the relationship between iMG data and blood biomarkers
of traumatic brain injury (O'Brien et al., 2023) and/or typical
neurological responses (D'Arcy et al., 2024). Both measures could
add further objectivity to the monitoring of collision frequency and
intensity outcomes, which may help inform future law modifications.

4.2 | Practical impact of a change in FGE limits
within professional rugby

Within RU, reducing FGE limits from 30 to 25 FGEs would affect
2.5% of players, while a reduction to 20 FGEs would affect 12.0%. In
RL, introducing FGE limits at 25 FGEs would affect 7.2% of players,
whereas introducing a limit of 20 FGEs would affect 19.2%. These
differences suggest that the use of FGE limits may be relatively more
effective in RL than RU. The impact of reducing FGE limits could be
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FIGURE 2 The number of contacts (A, B), and HAEs for PLA >20 g (C, D), PLA >40 g (E, F), PAA >1500 rad/s? (G, H) and PAA >3000 rad/
s2 (1, J) for rugby union and rugby league players based on FGEs. The Y-axis scales for Figures C, D, G and H are 5 times smaller than
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area around lines represents 95% confidence intervals. The dashed lines illustrate the number of contacts and HAEs for 30 FGEs, and the
number of FGEs needed to have the same number of contacts as 30 FGEs. FGE, full game equivalents; HAE, head acceleration events; RMSE,
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important for players with the greatest playing exposures, especially
when considered over a 10-season career. Given the associations
between estimated cumulative head accelerations and traumatic
encephalopathy (Daneshvar et al.,, 2023), a reduction across a 10-
year playing career may have real life consequences, particularly
for forwards. The challenge for rugby's governing bodies is to reduce
this exposure for all players, by managing HAEs on an individual level,
and potentially complement this with limits on playing time that
would further reduce exposure in the relatively small cohort of
players who currently experience the highest risk by virtue of match
involvements and FGEs.

4.3 | Positional differences

Clear positional group differences were present for contact and HAE
exposures between forwards and backs. If a RU forward played 30
FGEs, they would have 1272 contacts and 34 HAEs >40 g. A back
would need to play 62 FGEs to have a similar contact exposure and
47 FGEs to have similar HAE >40 g exposure (Figure 2, Tables 2-4).
This position group difference is similar although less pronounced for
RL. Whilst a definitive FGE, contact or HAE limit does not exist, even
reducing the FGE limit to 20 in forwards would not reduce their
contacts and HAEs below the number experienced by backs in 30
FGEs. Based on these differences, positional FGE guidelines may be
beneficial; however, a more definitive understanding of what is
considered clinically important in terms of both individual and cu-
mulative magnitude of head loading may be required to fully inform
such guidelines.

4.4 | Further considerations within FGE limits

Reducing HAE exposure may be informative for brain-health-based
guidelines (Daneshvar et al, 2023), and using contact exposure
may be more appropriate if all injuries were considered, given
approximately 68.9% of all injuries (i.e., musculoskeletal and neuro-
logical) occur within the contact events considered in this study
(Williams et al., 2022). Another consideration is the rate of accu-
mulation of FGE (i.e., 10 FGEs could be 10 full matches or 40 x 20-
min match appearances), which was not considered in this study. A
different number of matches for the same FGE output may provide
different physical and psychological burdens within and between
players, influencing the efficacy of the limits implemented. Further-
more, FGE limits should be balanced against the commercial demands
of the sport and the requirement for the wider playing squad to be
large enough for all matches to be completed while still allowing
planned and enforced rest periods. The required playing population
from by a change in FGE limits should be evaluated alongside ex-
pected injury rates and other factors causing a player to be unavai-
lable (e.g., international commitments). Considering these factors
should ensure that unfeasible FGE limits are not implemented with

unforeseen consequences. A potential unintended positive outcome

from FGE limits is the enhanced development of younger/squad
rotation players. Currently, ~50% of players across both codes play
0-10 FGEs per season. As the playing time of the top players is
reduced, the remaining minutes will be completed by these other
players, potentially accelerating their development in top-tier
competition (Till et al., 2020) and reducing their risk of injury when
they do play (Williams et al., 2017, 2023).

4.5 | Limitations

While providing useful insights regarding the combination of samples
of iMG and match-event data, this study has some limitations. Due to
the methods of data collection within professional rugby at the time
of analysis, the sample of iMG data was not random (i.e., iIMGs were
worn by players voluntarily). Therefore, it is unclear whether it is
representative of the whole population. Secondly, as only top tier
competitions were included within the study, the distributions of
playing exposure may differ slightly for players at lower levels (i.e., no
loan club matches were included if they took place below the top
tier). The decision to include only top tier competitions was taken for
consistency between RU and RL. Related to this, there is no consid-
eration of the training exposure experienced by players. As players
train more than they play, this could influence their overall HAE
exposure and may therefore need to be considered in the manage-
ment of players. Finally, the use of secondary data (i.e., the
commercially available match-event data) was necessary within this
study but presents potential limitations as the authors were unable
to perform any measure of quality control with respect to the coding
provided. The use of this data ensured that exposures for contact
events were grouped together from a HAE perspective. However, it
should be noted that each contact event may have its own unique
highly physical demands which are not considered in this paper and
may be relevant for the monitoring of players (e.g., with respect to
injury/fatigue management).

4.6 | Conclusions

This study introduced a method through which iMG data could be
combined with match-event data to provide population level HAE
information and inform playing exposure limits using professional RU
and RL as examples. From a practical perspective, introducing FGEs
would affect only a small proportion of the playing population.
However, the career-long cumulative impact of these changes for
affected players may be important and should be considered. Dif-
ferences between positional groups were also identified, with for-
wards having greater contact and HAE exposure than backs in both
rugby codes. Consequently, FGE and contact exposure guidelines
should be position-specific. However, multiple factors should be
considered when proposing FGE limits, including all injuries, the
commercial success of the sport, squad sizes and the development of

low FGE players.
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