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ABSTRACT

Objectives To examine the propensity of tackle height
and the number of tacklers that result in head acceleration
events (HAEs) in elite-level male and female rugby tackles.
Methods Instrumented mouthguard data were collected
from women (n=67) and men (n=72) elite-level rugby
players from five elite and three international teams.

Peak linear acceleration and peak angular acceleration
were extracted from HAEs. Propensities for HAEs at a
range of thresholds were calculated as the proportion of
tackles/carries that resulted in an HAE exceeding a given
magnitude for coded tackle height (low, medium, high) and
number of tacklers. Propensity ratios with 95% Cls were
calculated for tackle heights and number of tacklers.
Results High tackles had a 32.7 (95% Cl=6.89 to
155.02) and 41.2 (95% CI=9.22 to 184.58) propensity
ratio to cause ball carrier HAEs>30g compared with
medium tackles for men and women, respectively.

Low tackles had a 2.6 (95% Cl=1.91 to 3.42) and 5.3
(95% Cl=3.28 to 8.53) propensity ratio to cause tackler
HAEs>30¢g compared with medium tackles for men and
women, respectively. In men, multiple tacklers had a
higher propensity ratio (6.1; 95% Cl=3.71 to 9.93) than
singular tacklers to cause ball carrier HAEs>30 g but

a lower propensity ratio (0.4; 95% Cl=0.29 to 0.56) to
cause tackler HAEs>30g. No significant differences were
observed in female tacklers or carriers for singular or
multiple tacklers.

Conclusion To limit HAE exposure, rule changes and
coaching interventions that promote tacklers aiming for
the torso (medium tackle) could be explored, along with
changes to multiple tackler events in the male game.

INTRODUCTION
Rugby union is a contact sport that involves
frequent  high-intensity contact events

(tackles, carries and rucks), resulting in a high
injury risk." There is growing concern around
the relationship between head impacts and
their potential short and long-term health
risks.>™ A head acceleration event (HAE) is
defined as ‘an event/incident that gives rise to
an acceleration response of the head caused
by an external short-duration collision force
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= At the elite (professional) level, the tackle has the
highest injury rate of all contact events in rugby
union, with most concussions occurring during this
contact event.

= There is a growing concern surrounding exposure
to high-magnitude and repeated head acceleration
events (HAEs).

= Law trials and modifications can improve player
safety by mitigating risk factors for head injuries and
exposure to HAEs.

WHAT THIS STUDY ADDS

= An understanding of tackle characteristics, such as
tackle height and the number of tacklers and how
these factors influence HAE propensities in elite
male and female rugby union players.

= Tackle heights above the sternum of the ball-carrier
had a greater propensity to result in HAES>30g
for both male and female ball-carriers. Low tack-
le heights had a higher propensity to result in
HAEs>30g for male and female tacklers.

= Tackles made by multiple players had a higher pro-
pensity to result in HAEs>30 g for male ball-carriers.
Tackles involving a singular tackler had a lower
propensity to result in HAEs>30g for male tacklers.
No significant differences were observed for tackle
events that involved singular or multiple tacklers for
female players.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings could contribute to developing im-
proved coaching and officiating practice to help mit-
igate player exposure to HAEs.

= To limit HAE exposure, rule changes and coaching
interventions that promote tacklers aiming for the
torso (medium tackle) could be explored, along with
changes to multiple tackler events in the male game.

applied directly to the head or indirectly via
the body in sport, recreational, military, or
other activities of interest’.”

Repetitive HAEs have identified as a
potential contributor to concussive injury
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mechanisms and long-term brain health issues.

Current research has yet to identify a specific magnitude
or threshold of HAEs that will result in immediate or
delayed clinical presentation consistent with concussion.
Still, it has been proposed that exposure to repetitive
HAEs should be reduced as far as possible to improve
player welfare.” ' Studies have used instrumented
mouthguards (iMGs) to measure match HAE incidence
and propensity in rugby players.''™* These studies high-
lighted tackle and carry as the match activities most likely
to cause HAEs in male and female rugby players.'" 12115
The tackle in rugby union has the highest reported risk
for general injury.' '

Analysing tackles resulting in a head injury has been
common practice to identify law modifications and
coaching interventions that may reduce their preva-
lence.” "™ Such research has identified factors such
as the height of tackles and upright body positions of
players at the time of contact as risk factors for head inju-
ries.” ' # High tackles, where the tackler makes contact
above the ball-carrier’s sternum, often occur when the
tackler is in an upright body position, resulting in a
greater risk of head injury.”** These findings led to trials
of law modifications to reduce the legal tackle height
at the community level by World Rugby**® and their
subsequent integration into community-level rugby in
England by the Rugby Football Union.?” Given the role
of HAESs as a concussive injury mechanism, it is important
to consider how law changes and trials may play a role in
HAE exposure mitigation.”® Other research has identi-
fied an increased injury risk when multiple tacklers are
involved in the tackle.'” ** * Governing bodies such as
the French Federation of Rugby (FFR) have trialled laws
to reduce the number of tackers involved in a tackle, in
combination with a reduced legal tackle height, resulting
in decreases in head-to-head contact.?’ However, little is
known about how these law modifications can impact on
HAEs experienced by male or female players.

Itis important to consider law modifications and other
interventions that may reduce exposure to the frequency
and magnitude of HAEs.® Identifying risk factors during
the tackle, such as tackle height and a number of tack-
lers, presents an opportunity to gain insights into HAE
aetiology. This study explored the propensity of HAEs
sustained during the tackle event in elite male and
female rugby matches by exploring tackle height and the
number of tacklers involved in each tackle event.

METHODS

Study design and participants

A prospective observational cohort study was under-
taken involving elite-level (professional) rugby union
women (n=67) and men (n=72) players from Euro-
pean and international rugby competitions, including
the Allianz Premier-15s (n=11), Gallagher Premiership
(n=21), Top 14 (n=6) and United Rugby Championship
(n=4b), as well as Women’s Autumn International Series
in 2021 (n=13) and the Women’s Rugby World Cup in

2022 (n=43). Video footage was obtained through Stats
Perform (Chicago, Illinois, USA) and World Rugby.

All participants were equipped with custom-fit Prevent
Biometrics (Prevent Biometrics, Minneapolis, Minne-
sota, USA) iMGs, following three-dimensional dental
scans with a qualified dentist. These iMGs are equipped
with triaxial gyroscopes and accelerometers, sampling
at 3200 Hz with a measurement range of +35 rad/s and
+200g, respectively. Linear head kinematics collected at
the iMG sensor location were transformed to the head
centre of gravity."' Previous studies have validated the
Prevent Biometrics iMGs, both in field and laboratory
settings.”” " HAE were identified when the linear
acceleration exceeded an 8g trigger threshold on a
single axis of the iMG accelerometer.'” Time series data
for HAEs were captured 10 ms before and 40 ms after
the trigger event, with a recording threshold of 5bg at
the head centre of gravity. The level of noise/artefact
in each kinematic signal was classified by an in-house
Prevent Biometrics algorithm as minimal (class 0),
moderate (class 1) or severe (class 2). A 4-pole (2x2),
zero-phase, low-pass Butterworth filter was applied to
each kinematic signal. A 200Hz, 100 Hz and 50 Hz cut-
off frequency (-6dB) were applied to class 0, class 1
and class 2 signals, respectively.'' Each iMG device was
manually synchronised to video footage for each match
to ensure to-the-frame synchronisation for analysis.

Tackles and carries were analysed from 304 player
matches (161 men, 143 women) across 28 matches. Prox-
imity sensor readings were used to verify that the iMG was
worn during each contact event. Video analysis identified
2266 tackles, defined as tackler involvements and 1426
carries with associated HAEs. Tackle involvements and
carries were then analysed in accordance with Tooby et
al’® and Woodward et al,'' categorising the contact event
and its HAE stage (initial collision, secondary contact,
ground impact or breakdown) for each tackler in the
tackle event.

Video analysis

All contact events in which the proximity sensors indi-
cated the iMG was being worn were video verified and
analysed via NacSport Scout Plus (V.7.0.0) by an experi-
enced coder (3 years of rugby video analysis experience).
The video had a minimum frame rate of 25 frames per
second and 1080p resolution. All contact events were
coded using an adapted framework from existing anal-
ysis frameworks by Tucker et al,20 Davidow et al® and
Hendricks et al,* see table 1. The analysis framework was
also adapted from law trial definitions by the FFR and
World Rugby.?” Intrarater reliability was conducted and
Cohen’s kappa calculated, see table 1, on a randomly
selected match, I-month post-initial analysis in line with
previous research, where a value of 0.8 or above indicates
near-perfect agreement.%_37 All coded events were stored
in an encrypted Microsoft Excel database and analysed
using MATLAB (MATLAB_R2024a).
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Table 1 Analysis framework variables and descriptors for tackle and carry head acceleration event and non-instrumented

mouthguards triggered events, with intrarater reliability scores

Variable Descriptor

Tackle height

Intrarater reliability: 0.91 ball-carrier.

High — contact from the tackler is above the sternum, head/neck and shoulder/chest of the

Medium - contact is below the sternum and above the waistband of the ball-carrier’s shorts

(torso).

Low — contact is below the waistband of the shorts (hip, upper leg and lower leg).

Number of tacklers
Intrarater reliability: 0.95

Single - single tackler.

Statistical analysis

Given that multiple HAEs may occur during each contact
event, the HAEs used in the calculations in this study were
the maximum from the initial collision HAE stage.''™"
Propensity was calculated across a range of peak linear
acceleration (PLA) and peak angular acceleration (PAA)
thresholds by dividing the number of tackle involvements
that resulted in an HAE by the total number of tackle
involvements that the individual was involved in while
wearing the iMG, confirmed using the iMG infrared prox-
imity sensor.'” The total number of tackle involvements
included the number of events resulting in an HAE, as
well as the events that did not result in an HAE. Mean
values across players and 95% CIs were calculated using
a bootstrapping procedure, similar to Tooby et al'> HAEs
were classified into lower (PLA<10g and PAA<1.0 krad/
%), medium (PLA>10g and <30g and PAA>1.0 krad/

Male
100
Tackle Height
oz 20 85 High (n = 516)
w s Medium (n = 271)
<> 60 Low (n = 384)
5 2
<8 40
O o
S a
20 oo
0 ; :
>10 >20 > 30 > 40 > 50
Recording Threshold
Peak Linear Acceleration (g)
100 57.1%
15.99% Tackle Height
80 High (n = 415)
Medium (n = 140)
Low (n =181)

27.6%
1%

8.7%
0.3%

Ball Carrier HAEs
Propensity (%)

3.7%
9 0.5%
0% oo

>20 >30 >40 > 50
Recording Threshold

Peak Linear Acceleration (g)

>10

Multiple (2+) — two or more tacklers.

s* and <2.0 krad/s”) and higher magnitude (PLA>30g
and PAA>2.0 krad/s”) groups, to calculate a propensity
ratio for tackle heights and number of tacklers for tackler
and ball-carrier HAEs with statistical significance set at
p<0.05 and non-overlapping 95% CIs.'2

RESULTS

Tackle height

Figure 1 shows the propensity of high, medium and low
tackle heights to result in an HAE exceeding a given
range of magnitude thresholds for male and female
ball-carriers and tacklers. In males, high tackles had a
propensity of 4.1% and 8.7%, resulting in an HAE>30g
for the tackler and ball-carrier, respectively. In HAEs>30 g,
medium tackles had a propensity of 4.0% for the tackler
and 0.3% for the ball-carrier, while low tackles had a
propensity of 10.1% for the tackler and 1.1% for the

Female
100
Tackle Height
— 807 519 High (n = 397)
X 38% Medium (n = 303)
> Low (n = 395)
@
c
[0}
Qo
[
o 1.1% 0
0% 087
0 ; ; r
>10 >20 > 30 > 40 > 50
Recording Threshold
Peak Linear Acceleration (g)
100
Tackle Height
__ 80 High (n = 292)
R 3;1\7;3» Medium (n = 196)
> 60 A Low (n = 202)
@
c
& 40
[
o 5.6% 3.7%
2 oi% 01k 0%

>20 >30 >40 >50
Recording Threshold

Peak Linear Acceleration (g)

Figure 1 The propensity of tackles at different tackle heights (high, medium or low) to result in an HAE across peak linear
acceleration thresholds for male and female tacklers and carriers. Shaded regions indicate the 95% CI. The number of tackles
at each tackle height is shown as n. Online supplemental figure 1 presents the results with a peak angular acceleration

recording threshold. HAE, head acceleration event.
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Tackle Height PLA Magnitude Bands
Propensity Ratios tﬁge; Medium

10-30g

Higher
230g
1

High vs Medium 0.95 1.06 1.03

« —— Male High vs Low 0.89 0.72 0.40*
% Low vs Medium 1.06 1.47 2.55%
5 7High vs Medium 0.99 1.09 1.86
Female High vs Low 08 | 071 | 035

Low vs Medium 1.16 1.54 5.29%

High vs Medium | 2.16* | 10.86* | 32.69*

. —— Male High vs Low 1.61* | 4.a5* | 7.76*
2 Low vs Medium 134 2.62 4.22
S High vs Medium 1.56* 3.57* | 41.24*
Female High vs Low 1.28 3.03* 3.54

Low vs Medium 1.22 1.18 11.67

Figure 2 Propensity ratios of male and female tackler and
carrier HAEs caused by tackle heights within lower, medium
and higher HAE magnitude bands. Comparisons between
tackle heights are included, where *denotes statistical
significance. Online supplemental figure 2 presents the
results with peak angular acceleration magnitude bands.
HAE, head acceleration event.

ball-carrier. In females, the propensity of high tackles to
result in an HAE>30g was 2.8% for tacklers and 5.6% for
ball-carriers, while medium tackles had a propensity of
1.5% and 0.1% and low tackles had a propensity of 8.0%
and 1.6%, respectively.

High tackles had a 32.7 (95% CI=6.89to 155.02)
propensity ratio to cause male ball carrier HAEs>30g
compared with medium tackles (figure 2). Similarly,
female ball-carriers had a 41.2 (95% CI=9.22to 184.58)
propensity ratio to experience an HAE>30g from a high
tackle compared with a medium tackle. High tackles had
a 0.4 (95% CI=0.30to 0.54) propensity ratio to cause
male tackler HAEs>30g compared with low tackles. Low
tackles had a 2.6 (95% CI=1.91to 3.42) propensity ratio
to cause male tackler HAEs>30 g compared with medium
tackles. In female tacklers, low tackles had a 5.3 (95%
CI=3.28 to 8.53) propensity ratio to result in HAEs>30g
compared with medium tackles.

Number of tacklers in a tackle event

Figure 3 shows the propensity of singular and multiple
tacklers involved in a tackle event to produce an HAE
exceeding a given range of magnitude thresholds in male
and female ball-carriers and tacklers. In males, 3.5% and
7.2% of tackles involving multiple tacklers caused HAEs
above 30g in tacklers and ball-carriers, respectively.
Singular tacklers had an HAE>30g propensity of 8.7%
for the tackler and 1.2% for the ball-carrier.

In males, multiple tacklers had a significantly higher
propensity ratio (6.1; 95% CI=3.71to 9.93) (figure 4)
to cause ball carrier HAEs>30g than singular tacklers.
Conversely, multiple tacklers had a significantly lower
propensity ratio (0.4; 95% CI=0.29to 0.56) to produce

HAEs>30g compared with singular tacklers for male
tacklers. In female players, there were no significant
differences between single tackler events and multiple
tackler events for either the ball-carrier or tackler.

DISCUSSION

This study is the first to explore how tackle height, and
the number of tacklers influence the propensity of HAEs
in the tackler and ball-carrier. Given the emphasis on
HAE exposure reduction, it is important to explore these
factors so that strategies can be targeted to reduce the
incidence and magnitude of HAEs resulting from tackles
in the sport.

Tackle height

Our first important finding is that tackle height signifi-
cantly affects HAE propensity and does so differently in
the ball-carrier and the tackler. For ball-carriers, tackles
above the sternum (high) had a greater propensity to
result in HAEs>30g compared with tackles at the torso
(medium tackle) in male and female carriers, respectively.
These findings align with previous head injury assessment
(HIA) and concussion research, where tackles above the
sternum of the ball-carrier have shown an increased risk
of HIA removal and concussion. However, this was true
for both ball carriers and tacklers.” ** ** This reinforces
the potentially important role of tackle height laws in
minimising the frequency of tackles above the sternum
to mitigate ball carrier HAEs and head injuries to both
players.

It is important to consider our finding that tack-
lers have a greater HAE propensity when tackling low
compared with medium and high."* This contrasts with
previous literature on HIA and concussion risk, which
showed increased tackler injury risk when high tackles
were made.” *” *® While not as pronounced as the differ-
ences found for the ball-carrier, the greater propensity
for >30 g HAEs when making low compared with medium
tackles are of interest because they suggest a difference
in HAE versus HIA removal risk characteristics. The
mechanism for this difference is unclear, but further
exploration is required since interventions to reduce HIA
and concussion incidence may not successfully reduce
HAE incidence, and vice versa, particularly if the shift to
reduce tackle height results in an increased frequency of
low tackles.

The trade-off between these two risk factors, where high
and low tackles affect ball carrier and tackler HAE risk
differently, is important for the sport since the objective
is the protection of both players. When considering HAE
risk to either player, the lowest risk would be achieved
from medium (torso) tackles, which were least likely to
cause HAEs exceeding 30g in both male and female
tacklers and ball carriers. The greatest overall propensity
was found from high tackles by virtue of the very large
increase in ball-carriers HAE propensity, despite the rela-
tively lower but increased propensity for tackler HAEs
from low tackles.
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Figure 3 The propensity of tackles to result in an HAE across peak linear acceleration thresholds for male and female tacklers
and carriers where there were multiple (2+) tacklers or a single tackler. Shaded regions indicate the 95% CI. The number of
multiple (2+) or singular tackler tackles is shown as n. Online supplemental figure 3 presents the results with a peak angular

acceleration recording threshold. HAE, head acceleration event.

The findings strongly suggest that the target of law
interventions or coaching education should focus on
medium tackles, which would most effectively reduce
HAE prevalence in both male and female tacklers and
ball-carriers. This would also align with the reduced

Number of Tacklers
Propensity Ratios

Male Multiple vs Singular Tacklers

PLA Magnitude Bands

Lower
<1? g

Medium
10,309

Higher
230g

0.75% 0.68 0.41*

Carrier Tackler

Female Multiple vs Singular Tacklers | 0.86 0.95 174

6.07*

Male Multiple vs Singular Tacklers | 1.02 159

Player Role

Female Multiple vs Singular Tacklers | 1.28 161 158

Figure 4 Propensity ratios of male and female tackler

and carrier HAEs caused by tackler numbers within lower,
medium and higher HAE magnitude bands. Comparisons
between tackler numbers are included, where *denotes
statistical significance. Online supplemental figure 4 presents
the results with peak linear acceleration magnitude bands.
HAE, head acceleration event; PLA, peak linear acceleration.

clinical outcome risk highlighted in previous concussion
risk factor literature.”*

Number of tacklers

In a recent law trial, the FFR trialled a combination
of lowering the legal tackle height and reducing the
number of tacklers involved in the tackle event.”” This
trial focused on reducing the incidence of head-to-head
contact between players while maintaining or improving
enjoyment and participation. Previous literature has
investigated the role of the number of tacklers in inju-
rious events, finding that tackles involving multiple
tacklers had a higher concussive injury risk than single-
tackler events.”®* This is, in part, logically explained by
an increase in the number of physical heads involved
during each tackle. Our findings support these previous
results, with multiple tacklers having a greater propensity
to produce an HAE>30 g in male ball-carriers. In contrast,
male tacklers had a lower propensity to experience HAEs
when involved in tackles with multiple tacklers. This
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may be due to the differing dynamics of multiple tackler
events. This was not explored in the current study;
however, future research should investigate the interac-
tion between other technical elements of multiple versus
singular tackler events and HAE propensity. Overall, the
results suggest that limiting the number of tacklers may
benefit male ball carriers.

No significant differences were observed between
multiple or singular tackler events in the female cohort.
These sex differences, which require further exploration,
may result from technical elements in the tackle that
differ between male and female rugby players.

Limitations

The data in this study was obtained from elite-level male
and female rugby players and may not reflect the diversity
in quality, quantity and level of rugby internationally, with
all these factors potentially affecting HAE risk. Future
research may investigate similar tackle characteristics
and their propensities to result in HAEs at the commu-
nity and age grade level of rugby. This study did not
explore sociological or gendered factors affecting tackle
technique and characteristics. Future research should
explore tackle technique and factors that may modify
tackle characteristics, including playing age and level,
training history and conditioning.

The filtering of head kinematics was conducted
through in-house Prevent Biometrics algorithms.12 A
common open-source signal processing approach would
be beneficial for cross-study comparison.39 This study also
used an iMG trigger threshold of 8g. A prior simulation
study suggested that false negatives may be influenced
by a bias introduced through linear acceleration trigger
mechanisms.'? * Furthermore, while this study investi-
gated peak resultant head kinematics (PLA, PAA), these
do not consider directionality and temporal data, which
may play a critical role in injury risk and mechanism.'?*!
This study included data from a subset of matches in a
playing season. Future research should consider HAEs
throughout an entire playing season, including in a
training environment, to account for potential variance
and overall HAE exposure.

CONCLUSION

This study is the first to explore how tackle height, and
the number of tacklers influence the propensity of HAEs
in the tackler and ball-carrier. Tackle height affects HAE
propensity and does so differently in the ball-carrier and
the tackler. For ball-carriers, tackles above the sternum
(high) had a significantly greater propensity ratio to
result in HAEs>30g compared with tackles at the torso
(medium tackle) in male and female carriers, respectively.
Low tackles had a significantly greater propensity ratio to
cause male and female tackler HAEs>30 g compared with
medium tackles. The current study also identified that
tackles involving multiple tacklers had a greater propen-
sity to result in HAEs>30g for male carriers. Conversely,
for male tacklers, tackles involving a singular tackler had

a greater propensity to result in HAEs>30g. There were
no significant differences in the number of tacklers and
HAE exposure for female players. To limit HAE exposure,
rule changes and coaching interventions that promote
tacklers aiming for the torso (medium tackle) could be
explored, along with changes to multiple tackler events
in the male game.

X James Woodward @JamesWoodward97 and Ross Tucker @Scienceofsport

Acknowledgements The authors would like to thank all of the players and staff
involved in this study for participating and contributing to the research. The authors
would like to acknowledge Prevent Biometrics and World Rugby for their support
and cooperation during the study.

Contributors All authors conceptualised the research project. GT and JW
designed the study. JW, GT, DMS and JT collected data for the study. JW, GT and
JT were responsible for the analysis and interpretation of the results. JW drafted
the manuscript and is the guarantor. All authors critically reviewed and edited the
manuscript prior to submission.

Funding World Rugby funded this research project.

Competing interests GT has received research funding from World Rugby and
Prevent Biometrics and has previously conducted consultancy work for World
Rugby. LS, RT, ECF and DMS are employed by or contracted as consultants for
World Rugby.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by
Ulster University’s Research and Ethics Committee (UREC), University of Ulster
(#REC-21-0061). Participants gave informed consent to participate in the study
before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.
Anonymous data are available at a reasonable request to the corresponding author.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

James Woodward http://orcid.org/0000-0002-6402-2554
Ross Tucker http://orcid.org/0000-0002-4294-4822
Eanna C Falvey http://orcid.org/0000-0003-3961-1805
Gregory Tierney http://orcid.org/0000-0002-4666-4473

REFERENCES

1 Burger N, Lambert M, Hendricks S. Lay of the land: narrative
synthesis of tackle research in rugby union and rugby sevens. BMJ
Open Sport Exerc Med 2020;6:e000645.

2 Tierney G. Concussion biomechanics, head acceleration exposure
and brain injury criteria in sport: a review. Sports Biomech
2021;2021:1-29.

3 Tucker R, Raftery M, Kemp S, et al. Risk factors for head injury
events in professional rugby union: a video analysis of 464 head
injury events to inform proposed injury prevention strategies. Br J
Sports Med 2017;51:1152-7.

6 Woodward J, et al. BMJ Open Sp Ex Med 2024;10:¢002013. doi:10.1136/bmjsem-2024-002013

1ybuAdoo
Aq pa1o8101d '158nb Ag 1202 ‘2T 1snBny uo jwodfwg wasuadolway/:dny woly papeojumoq +20z 1snbny € uo £T0200-7202-waslwa/osTT 0T Se paysiand 1siy :paly 919x3 Lods uado rINg


https://x.com/JamesWoodward97
https://x.com/Scienceofsport
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-6402-2554
http://orcid.org/0000-0002-4294-4822
http://orcid.org/0000-0003-3961-1805
http://orcid.org/0000-0002-4666-4473
http://dx.doi.org/10.1136/bmjsem-2019-000645
http://dx.doi.org/10.1136/bmjsem-2019-000645
http://dx.doi.org/10.1080/14763141.2021.2016929
http://dx.doi.org/10.1136/bjsports-2017-097895
http://dx.doi.org/10.1136/bjsports-2017-097895
http://bmjopensem.bmj.com/

4

5

6

10

11

12

13

14

15

16

17

18

20

21

22

23

Fuller CW, Taylor A, Douglas M, et al. Rugby World Cup 2019 injury
surveillance study. S Afr J Sports Med 2020;32:v32i1a8062.

Kuo C, Patton D, Rooks T, et al. On-field deployment and validation
for wearable devices. Ann Biomed Eng 2022;50:1372-88.

Stemper BD, Shah AS, Harezlak J, et al. Comparison of head
impact exposure between concussed football athletes and matched
controls: evidence for a possible second mechanism of sport-related
concussion. Ann Biomed Eng 2019;47:2057-72.

Montenigro PH, Alosco ML, Martin BM, et al. Cumulative head
impact exposure predicts later-life depression, apathy, executive
dysfunction, and cognitive impairment in former high school and
college football players. J Neurotrauma 2017;34:328-40.

Stern RA, Riley DO, Daneshvar DH, et al. Long-term consequences
of repetitive brain trauma: chronic traumatic encephalopathy. PM R
2011;3:5460-7.

Ntikas M, Binkofski F, Shah NJ, et al. Repeated sub-concussive
impacts and the negative effects of contact sports on cognition and
brain integrity. Int J Environ Res Public Health 2022;19:7098.
Rowson S, Campolettano ET, Duma SM, et al. Accounting for
variance in concussion tolerance between individuals: comparing
head accelerations between concussed and physically matched
control subjects. Ann Biomed Eng 2019;47:2048-56.

Woodward J, Tooby J, Tierney G. Comparing head acceleration
events in elite men’s and women’s rugby union tackle events using
instrumented mouthguards and video analysis. IRCOBI Conference
Proceedings; 2022:2.

Tooby J, Woodward J, Tucker R, et al. Instrumented mouthguards
in elite-level men’s and women’s rugby union: the incidence and
propensity of head acceleration events in matches. Sports Med
2024;54:1327-38.

Tooby J, Weaving D, Al-Dawoud M, et al. Quantification of head
acceleration events in rugby league: an instrumented mouthguard
and video analysis pilot study. Sensors (Basel) 2022;22:584.

Allan D, Tooby J, Starling L, et al. The incidence and propensity of
head acceleration events in a season of men’s and women’s English
elite-level club rugby union matches. Sports Med 2024.

Tierney G, Weaving D, Tooby J, et al. Quantifying head acceleration
exposure via instrumented mouthguards (iMG): a validity and
feasibility study protocol to inform img suitability for the tackle
project. BMJ Open Sport Exerc Med 2021;7:e001125.

Williams S, Trewartha G, Kemp S, et al. A meta-analysis of

injuries in senior men’s professional rugby union. Sports Med
2013;43:1043-55.

Cross M, Kemp S, Smith A, et al. Professional rugby union players
have a 60% greater risk of time loss injury after concussion: a
2-season prospective study of clinical outcomes. Br J Sports Med
2016;50:926-31.

Raftery M, Tucker R, Falvey EC. Getting tough on concussion: how
welfare-driven law change may improve player safety—a rugby
union experience. Br J Sports Med 2021;55:527-9.

Stokes KA, Locke D, Roberts S, et al. Does reducing the height

of the tackle through law change in elite men’s rugby union (the
championship, England) reduce the incidence of concussion? A
controlled study in 126 games. Br J Sports Med 2021;55:220-5.
Tucker R, Raftery M, Fuller GW, et al. A video analysis of head
injuries satisfying the criteria for a head injury assessment in
professional rugby union: a prospective cohort study. Br J Sports
Med 2017;51:1147-51.

Tierney GJ, Simms CK. Can tackle height influence head

injury assessment risk in elite rugby union? J Sci Med Sport
2018;21:1210-4.

Quarrie KL, Hopkins WG. Tackle injuries in professional rugby union.
Am J Sports Med 2008;36:1705-16.

Tonder R van, Starling L, Surmon S, et al. 11.35 effectiveness of a
lowering in legal tackle height to reduce sport-related concussion
in amateur adult male rugby. 6th International Conference on
Concussion in Sport; 2024

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

van Tonder R, Brown JC, Surmon S, et al. Stakeholder perceptions
of a tacklelaw variation to reduce concussion incidence in
community rugby union:a qualitative study. Int J Sports Sci Coach
2024;17479541241227329.

van Tonder R, Starling L, Surmon S, et al. Tackling sport-related
concussion: effectiveness of lowering the maximum legal height of
the tackle in amateur male rugby - a cross-sectional analytical study.
Inj Prev 2023;29:56-61.

van Tonder R, Hendricks S, Starling L, et al. Tackling the tackle 1:

a descriptive analysis of 14,679 tackles and risk factors for high
tackles in a community-level male amateur rugby union competition
during a lowered tackle height law variation trial. J Sci Med Sport
2024;27:57-62.

World Rugby. Lower tackle height law trial introduction. Available:
https://passport.world.rugby/injury-prevention-and-risk-
management/tackle-ready/lower-tackle-height-law-trial-introduction/
[Accessed 1 Dec 2023].

Cross MJ, Tucker R, Raftery M, et al. Tackling concussion in
professional rugby union: a case-control study of tackle-based risk
factors and recommendations for primary prevention. Br J Sports
Med 2019;53:1021-5.

Hislop MD, Stokes KA, Williams S, et al. Reducing musculoskeletal
injury and concussion risk in schoolboy rugby players with a
pre-activity movement control exercise programme: a cluster
randomised controlled trial. Br J Sports Med 2017;51:1140-6.
Kieffer EE, Begonia MT, Tyson AM, et al. A two-phased approach to
quantifying head impact sensor accuracy: in-laboratory and on-field
assessments. Ann Biomed Eng 2020;48:2613-25.

Liu Y, Domel AG, Yousefsani SA, et al. Validation and comparison
of instrumented mouthguards for measuring head kinematics and
assessing brain deformation in football impacts. Ann Biomed Eng
2020;48:2580-98.

Jones B, Tooby J, Weaving D, et al. Ready for impact? A validity and
feasibility study of instrumented mouthguards (IMGs). Br J Sports
Med 2022. 10.1136/bjsports-2022-105523. [Epub ahead of print 25
Jul 2022].

Davidow D, Quarrie K, Viljoen W, et al. Tackle technique of rugby
union players during head impact tackles compared to injury free
tackles. J Sci Med Sport 2018;21:1025-31.

Hendricks S, Till K, den Hollander S, et al. Consensus on a

video analysis framework of descriptors and definitions by the
rugby union video analysis consensus group. Br J Sports Med
2020;54:566-72.

Ross A, Gill N, Cronin J, et al. The relationship between physical
characteristics and match performance in rugby sevens. Eur J Sport
Sci 2015;15:565-71.

Menzies FA, Walsh J, Boyd AJ, et al. Assessment of contact
involvements and scrums in international rugby union match-play
using video analysis and microsensor technology methods. J Sports
Sci 2023;41:2129-37.

Cohen J. A coefficient of agreement for nominal scales. Educ
Psychol Meas 1960;20:37-46.

Dane K, Foley G, Wilson F. “Body on the line”: experiences of tackle
injury in women'’s rugby union - a grounded theory study. Br J Sports
Med 2023;57:1476-83.

Tierney G, Rowson S, Gellner R, et al. Head exposure to
acceleration database in sport (HEADSport): a kinematic signal
processing method to enable instrumented mouthguard (iMG)
field-based inter-study comparisons. BMJ Open Sport Exerc Med
2024;10:e001758.

Wang T, Kenny R, Wu LC. Head impact sensor triggering bias
introduced by linear acceleration thresholding. Ann Biomed Eng
2021;49:3189-99.

Gabler LF, Crandall JR, Panzer MB. Development of a second-order
system for rapid estimation of maximum brain strain. Ann Biomed
Eng 2019;47:1971-81.

Woodward J, et al. BMJ Open Sp Ex Med 2024;10:002013. doi:10.1136/bmjsem-2024-002013

1ybuAdoo
Aq pa1o8101d '158nb Ag 1202 ‘2T 1snBny uo jwodfwg wasuadolway/:dny woly papeojumoq +20z 1snbny € uo £T0200-7202-waslwa/osTT 0T Se paysiand 1siy :paly 919x3 Lods uado rINg


http://dx.doi.org/10.17159/2078-516X/2020/v32i1a8062
http://dx.doi.org/10.1007/s10439-022-03001-3
http://dx.doi.org/10.1007/s10439-018-02136-6
http://dx.doi.org/10.1089/neu.2016.4413
http://dx.doi.org/10.1016/j.pmrj.2011.08.008
http://dx.doi.org/10.3390/ijerph19127098
http://dx.doi.org/10.1007/s10439-019-02329-7
http://dx.doi.org/10.1007/s40279-023-01953-7
http://dx.doi.org/10.3390/s22020584
http://dx.doi.org/10.1007/s40279-024-02064-7
http://dx.doi.org/10.1136/bmjsem-2021-001125
http://dx.doi.org/10.1007/s40279-013-0078-1
http://dx.doi.org/10.1136/bjsports-2015-094982
http://dx.doi.org/10.1136/bjsports-2019-101885
http://dx.doi.org/10.1136/bjsports-2019-101557
http://dx.doi.org/10.1136/bjsports-2017-097883
http://dx.doi.org/10.1136/bjsports-2017-097883
http://dx.doi.org/10.1016/j.jsams.2018.05.010
http://dx.doi.org/10.1177/0363546508316768
http://dx.doi.org/10.1177/17479541241227329
http://dx.doi.org/10.1136/ip-2022-044714
http://dx.doi.org/10.1016/j.jsams.2023.10.011
https://passport.world.rugby/injury-prevention-and-risk-management/tackle-ready/lower-tackle-height-law-trial-introduction/
https://passport.world.rugby/injury-prevention-and-risk-management/tackle-ready/lower-tackle-height-law-trial-introduction/
http://dx.doi.org/10.1136/bjsports-2017-097912
http://dx.doi.org/10.1136/bjsports-2017-097912
http://dx.doi.org/10.1136/bjsports-2016-097434
http://dx.doi.org/10.1007/s10439-020-02647-1
http://dx.doi.org/10.1007/s10439-020-02629-3
http://dx.doi.org/10.1136/bjsports-2022-105523
http://dx.doi.org/10.1136/bjsports-2022-105523
http://dx.doi.org/10.1016/j.jsams.2018.04.003
http://dx.doi.org/10.1136/bjsports-2019-101293
http://dx.doi.org/10.1080/17461391.2015.1029983
http://dx.doi.org/10.1080/17461391.2015.1029983
http://dx.doi.org/10.1080/02640414.2024.2313837
http://dx.doi.org/10.1080/02640414.2024.2313837
http://dx.doi.org/10.1177/001316446002000104
http://dx.doi.org/10.1177/001316446002000104
http://dx.doi.org/10.1136/bjsports-2022-106243
http://dx.doi.org/10.1136/bjsports-2022-106243
http://dx.doi.org/10.1136/bmjsem-2023-001758
http://dx.doi.org/10.1007/s10439-021-02868-y
http://dx.doi.org/10.1007/s10439-018-02179-9
http://dx.doi.org/10.1007/s10439-018-02179-9
http://bmjopensem.bmj.com/

	Instrumented mouthguards in elite-­level men’s and women’s rugby union: characterising tackle-­based head acceleration events
	Abstract
	Introduction﻿﻿
	Methods
	Study design and participants
	Video analysis
	Statistical analysis

	Results
	Tackle height
	Number of tacklers in a tackle event

	Discussion
	Tackle height
	Number of tacklers
	Limitations

	Conclusion
	References


