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Abstract
Objectives The aim of this study was to examine head acceleration event (HAE) propensity and incidence during elite-level 
men’s and women’s rugby union matches.
Methods Instrumented mouthguards (iMGs) were fitted in 92 male and 72 female players from nine elite-level clubs and 
three international teams. Data were collected during 406 player matches (239 male, 167 female) using iMGs and video 
analysis. Incidence was calculated as the number of HAEs per player hour and propensity as the proportion of contact events 
resulting in an HAE at a range of linear and angular thresholds.
Results HAE incidence above 10 g was 22.7 and 13.2 per hour in men’s forwards and backs and 11.8 and 7.2 per hour in 
women’s forwards and backs, respectively. Propensity varied by contact event, with 35.6% and 35.4% of men’s tackles and 
carries and 23.1% and 19.6% of women’s tackles and carries producing HAEs above 1.0 krad/s2. Tackles produced sig-
nificantly more HAEs than carries, and incidence was greater in forwards compared with backs for both sexes and in men 
compared with women. Women's forwards were 1.6 times more likely to experience a medium-magnitude HAE from a carry 
than women's backs. Propensity was similar from tackles and carries, and between positional groups, while significantly 
higher in men than women. The initial collision stage of the tackle had a higher propensity than other stages.
Conclusion This study quantifies HAE exposures in elite rugby union players using iMGs. Most contact events in rugby 
union resulted in lower-magnitude HAEs, while higher-magnitude HAEs were comparatively rare. An HAE above 40 g 
occurred once every 60–100 min in men and 200–300 min in women. Future research on mechanisms for HAEs may inform 
strategies aimed at reducing HAEs.

Extended author information available on the last page of the article

Key Points 

Head acceleration event incidence describes the expo-
sure of elite rugby union players for the first time.

The relative risk of contact events to result in head accel-
eration events provided by this study has potential impli-
cations for strategies aimed at reducing head acceleration 
event exposure in rugby.

The tackle should remain a focus of head acceleration 
mitigation strategies with consideration for both the 
tackler and the ball carrier, but attention may also be 
required for rucks and other contact events.

1 Introduction

Rugby union is a contact sport involving collisions from tack-
les, carries, rucks and other contact events (e.g., mauls and 
scrums) [1]. Consequently, rugby union players are at risk of 
sustaining injuries, with concussion being the most prevalent 
injury in the elite game [2].

Research has identified risk factors for head injuries during 
the tackle [3–5] and law modifications to reduce head injuries 
have been trialled [6, 7]. These previous studies have exam-
ined head impacts sufficient to cause concussion or require 
the removal of a player for a head injury assessment (HIA) 
[3]. During tackles that do not result in an injury, players may 
also experience a head acceleration event (HAE), which is a 
short-duration head acceleration response to an external colli-
sion force, caused by either direct contact to the head or indi-
rectly through force applied to the body [4, 8–10]. Acute and 
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cumulative HAEs [6] have been suggested to have negative 
effects on cognition and other physiological outcomes [11–14], 
and so understanding HAE incidence and propensity is crucial 
to provide insight into players' overall exposure to HAEs, and 
may also guide the search for effective prevention initiatives.

Historically, sensors measuring HAEs have been com-
promised by soft-tissue artefacts, where the sensor moves 
independently of the player’s head (e.g., skull-cap and skin-
based sensors) [15]. The advent of instrumented mouthguards 
(iMGs) enables valid and reliable measurement of linear and 
rotational head kinematics [16–18] because iMGs have dem-
onstrated superior coupling to the head [15]. Implementing 
iMGs in rugby offers a unique opportunity to understand 
HAEs during match play. The inclusion of male and female 
data is also essential to further explore differences in HAE 
mechanisms so that sex-specific mitigation strategies can be 
explored [19].

The aim of this study was to utilise iMGs and video analysis 
to describe the occurrence of HAEs during elite-level men’s 
and women’s rugby matches. Specifically, the incidence of 
HAEs per player hour and the propensity of tackles, carries 
and rucks to result in linear and rotational HAEs are pre-
sented across a range of magnitudes. Additionally, we con-
ducted comparisons between playing positions and by sex. The 
objective was to provide benchmarks for HAE exposure in 
rugby union, while identifying potential areas for developing 
effective mitigation strategies for reducing the frequency and 
magnitude of HAEs in rugby.

2  Methods

2.1  Study Design and Participants

A prospective observational cohort study was conducted 
in players from nine elite rugby clubs (92 male and 40 
female) and three international teams (32 female players) 
during the 2021/22 season across multiple elite-rugby com-
petitions (Farah Palmer Cup, New Zealand; The National 
Provincial Championship, New Zealand; The Premier-
ship, United Kingdom; United Rugby Championship; Italy, 
Scotland, Wales, Ireland, South Africa; Top 14, France). 
Participation was voluntary and all players from each club 
were offered iMGs. Ethics approval was received from the 
University of Ulster's Research Ethics Committee (UREC; 
#REC-21–0061) and the University of Otago Human Eth-
ics Committee (REF: H21-056). Custom-fit iMG devices 
were provided to ten teams (92 male, 42 female) through 3D 
dental scans, while two teams (30 female) received boil-and-
bite iMG fitted by a dental practitioner. All iMGs were sup-
plied by Prevent Biometrics (Minneapolis, MN, USA). The 
iMGs contain an accelerometer and gyroscope that sample 
at 3200 Hz with measured ranges of ± 200 g and ± 35 rad/s. 

Infrared proximity sensors assessed coupling of the mouth-
guard to the upper dentition. Previous studies have shown 
the laboratory and on-field validity of the Prevent Biometrics 
iMG, with concordance correlation coefficient values of 0.98 
[16] and 0.89 [17] for the accuracy of kinematics of custom-
fit and boil-and-bite iMGs in laboratory-based validations, 
respectively. Positive predictive values (PPV) and sensitivity 
values of 0.94 and 0.75 during on-field video-verification 
validation of the custom-fit iMGs were also found [16].

To further assess the sensitivity of the iMGs, a false-
negative validation was conducted. A video analyst blinded 
to iMG data identified 258 head impacts on match video 
footage, of which 223 had measured HAEs, resulting in a 
sensitivity of 0.86. The trigger mechanism for iMGs was set 
to capture HAEs when a single sample on the accelerom-
eter exceeded 8 g on any axis, recording 10 ms of pre- and 
40 ms of post-trigger data. Peak linear acceleration (PLA), 
peak angular acceleration (PAA) and peak change in angu-
lar velocity (ΔPAV) were extracted from each HAE. Linear 
head kinematics were transformed from the iMG location to 
the head centre of gravity (CG). An in-house Prevent Biom-
etrics algorithm classified the level of noise/artefact in the 
kinematic signal as minimal (class 0, n = 9597), moderate 
(class 1, n = 695), or severe (class 2, n = 322). A 4-pole, 
zero-phase, low-pass Butterworth filter was applied to each 
signal with cut-off frequencies (− 6 dB) of 200, 100 and 
50 Hz for class 0, 1 and 2 HAEs, respectively.

Data were collected from 406 player matches (239 
male, 167 female player matches) across 43 matches using 
iMGs and video analysis. Qualitative video analysis of 
synchronised HAEs identified the contact event (tackle, 
carry, ruck) associated with each HAE and contact stage 
associated with each tackle and carry HAE (initial colli-
sion, secondary contact, grounding, breakdown) [20]. Opta 
match event data provided by StatsPerform (Chicago, IL, 
USA) also included tackles, carries and rucks. A tackle 
was defined as an attempt to halt the progress of an oppo-
nent, a carry as an engagement of an opponent whilst car-
rying the ball, and a ruck contact event as a player entering 
a breakdown after it had been set. Other contact events 
were identified using consensus definitions [1].

Opta contact events were linked to HAEs if they occurred 
within 10 s of the contact event timestamp for the known 
player and if the contact event matched based on qualita-
tive video analysis of each HAE. Proximity sensors provided 
timestamps of on-the-teeth periods that were time-synchro-
nised to video timestamps of contact events from Opta data 
to confirm that the iMG was being worn during each ana-
lysed contact event. Only contact events that corresponded 
with an on-the-teeth period for the instrumented player were 
used in propensity calculations (n = 7264, 74.5%) and only 
player matches where the instrumented player wore their 
iMG for at least 90% of their contact events were used 
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(n = 265, 65.3%). A total of 95 player matches were removed 
due to missing proximity sensor logs. After removing ineli-
gible players and player matches, the cohort consisted of 
65 men’s players (42 forwards, 23 backs) and 64 women’s 
players (36 forwards, 28 backs).

2.2  Recording Threshold

The trigger threshold, defined as the linear acceleration at 
which an HAE is captured, has previously been found to 
capture low-magnitude HAEs caused by non-contact events 
such as running (i.e., false-positives) [16]. Consequently, 
a recording threshold (threshold above which HAE are 
reported) can be applied to minimise false-positive capture. 
Previously, a recording threshold of 10 g has been used [21]. 
However, HAEs from contact events have been reported 
below 10 g in rugby league [16, 20]. Therefore, we sought 
to apply a lower recording threshold to appropriately cap-
ture HAEs from contact events only. This optimal threshold 
was determined by identifying false-positives in a validity 
analysis on a subset of HAEs (n = 6055). False-positive per-
formance was measured using PPVs with 95% confidence 
intervals (CIs) [16]. Baseline PPV (i.e., no recording thresh-
old) was 0.94 (95% CI 0.91–0.96). Applying a combined 
recording threshold of 5 g and 0.4 krad/s2 improved PPV 
to 0.99 (95% CI 0.97–1.00) while removing 8.4% (95% CI 
7.2–9.6) of contact event HAEs. These improvements were 
due to 94.5% (n = 293) of non-contact events resulting in a 
PAA below 0.4 krad/s2 and 44.4% (n = 20) of non-contact 
events resulting in a PLA lower than 5 g. Consequently, we 
applied a combined recording threshold to remove all HAEs 
with magnitudes below 5 g or 0.4 krad/s2 from subsequent 
analysis (n = 1520). A trigger threshold of 8 g can record 
HAEs below 8 g because the trigger threshold is applied 
to kinematics recorded at the iMG location, however the 
magnitude of an HAE is reported after these kinematics have 
been transformed to the head CG.

2.3  Statistical Analysis

Incidence was calculated as the number of HAEs per match 
player hour. Playing time was obtained from Opta data for 
each player match and did not include time in which the 
clock was stopped (i.e., if a player played the entire match, 
their playing time was 80 min). Propensity values were cal-
culated by dividing the number of events that resulted in 
an HAE at each threshold by the total number of events the 
player was involved in while wearing an iMG for each phase 
of play. Mean values were calculated across players and 95% 
CIs were estimated using a bootstrapping procedure, as sam-
ple sizes varied from 26 to 47. The dataset was randomly 
resampled 2500 times and the 2.5th and 97.5th percentile of 

resampled means were used as the lower and upper bounds 
of CI, respectively.

Mean incidence and propensity, along with 95% CIs, 
were calculated across a range of magnitude thresholds. 
A single contact may result in multiple HAEs due to mul-
tiple collisions; in these cases, propensity was calculated 
using the HAE with the greatest magnitude. For statistical 
comparisons of HAEs, incidence and propensity were col-
lected between three arbitrary magnitude bands based on 
PLA and PAA thresholds: lower magnitude (PLA < 10 g and 
PAA < 1.0 krad/s2), medium magnitude (PLA between 10 
and 30 g, and PAA between 1.0 krad/s2 and 2.0 krad/s2) and 
higher magnitude (PLA ≥ 30 g or PAA ≥ 2.0 krad/s2). If no 
HAE occurred during a contact event it was assumed to fall 
within the lower-magnitude band, due to proximity sensors 
indicating that the iMG was being worn during the event. 
Ratios between incidences and propensities were calculated 
to compare between events or groups, and a significant dif-
ference was assumed if the CIs did not overlap.

3  Results

Incidence values were computed from a total of 14,898 
match minutes (52.0% men’s, 48.0% women’s) across 265 
player matches (53.2% men’s, 46.8% women’s). The inci-
dence of PLA and PAA HAEs above a range of thresholds 
in men and women is shown in Fig. 1, while Fig. 2 displays 
the PLA and PAA incidence between these thresholds. The 
incidence of HAEs above 10 g was 22.7 and 13.2 HAEs 
per player hour for men’s forwards and backs, respectively, 
while PAA incidence above 1.0 krad/s2 was 14.0 and 9.2 
HAEs per player hour for men’s forwards and backs, respec-
tively (Fig. 1). Incidence of HAEs above 40 g was 1.0 and 
0.6 per player hour and 3.2 and 2.3 for HAEs above 2.0 krad/
s2 for forwards and backs, respectively.

In women’s forwards and backs, the PLA incidence above 
10 g was 11.8 and 7.2 per player hour, respectively, while 
the PLA incidence above 40 g was 0.3 and 0.2 HAEs per 
player hour. For HAEs above 1.0 krad/s2, the incidence was 
7.7 and 5.3 HAEs per player hour for women’s forwards and 
backs, while for HAEs above 2.0 krad/s2, the incidence was 
1.9 and 1.1 HAEs per player hour, respectively. Incidence 
decreased as HAE magnitude increased (Fig. 2). The inci-
dence of HAEs below 10 g and 0.5 krad/s2 was lower than 
HAEs between 10 and 20 g and 0.5 and 1.0 krad/s2 due to 
low-magnitude HAEs failing to exceed the trigger threshold 
and therefore not being recorded by iMGs.

Video analysis of instrumented players identified 3830 
and 3461 iMG-measured contact events in men and women 
players. Table 1 shows the mean number of tackles, car-
ries and rucks completed per player hour, the total number 
of measured events and the proportion of measured events 
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resulting in a given number of HAEs for each player group. 
When combining all men’s contact events, 51.1% resulted in 
no recorded HAE (i.e., did not exceed the trigger threshold), 
28.6% resulted in a single HAE and 20.3% resulted in multi-
ple HAEs. In women, 67.8% of all contact events resulted in 
no HAEs, 23.0% resulted in a single event and 9.2% resulted 
in multiple HAEs.

Propensity values are presented above thresholds in Fig. 3 
and between thresholds in Fig. 4. In men, 50.8% of car-
ries resulted in an HAE above 10 g and 35.4% exceeded 
1.0 krad/s2, while 3.6% resulted in HAEs above 40 g and 
9.8% exceeded 2.0 krad/s2. In women, 27.1% of carries pro-
duced an HAE above 10 g and 19.6% exceeded 1.0 krad/s2, 

while 1.1% resulted in an HAE above 40 g and 3.4% above 
2.0 krad/s2. Both PLA and PAA propensity decreased as 
magnitude increased.

Statistical comparisons were conducted to compare inci-
dence and propensity of contact event types by playing posi-
tion and by sex. For this analysis, HAEs were categorised 
as lower, medium and higher magnitude. Figures 5 and 6 
present the ratios between groups of interest for incidence 
and propensity, respectively.

Tackles produced significantly more HAEs than carries in 
all player groups except men’s backs. For example, in men’s 
forwards, higher-magnitude HAEs occurred 2.19 times more 
frequently from tackles than from carries (Fig. 5). Tackles 

Fig. 1  The incidence of HAEs for men’s and women’s forwards and 
backs across PLA (5–60  g) and PAA thresholds (0.4–3.0  krad/s2). 
Shaded regions indicate 95% CI. The number of players available to 
calculate each curve is shown as n. Text labels are added at intervals 
along the curve. Supplementary Fig. 1 in the electronic supplemen-

tary material (ESM) illustrates findings using ΔPAV thresholds. CI 
confidence interval, HAEs head acceleration events, PAA peak angu-
lar acceleration, PLA peak linear acceleration, ΔPAV peak change in 
angular velocity
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and rucks produced a similar HAE incidence in men’s and 
women’s forwards and in women’s backs, whereas in men’s 
backs tackles were 2.23 times more likely to cause lower-
magnitude HAEs than rucks.

Playing position also influenced HAE incidence. Men’s 
forwards experienced 1.6 and 1.8 times the rate of lower- 
and medium-magnitude HAEs than backs, while women’s 
forwards experienced medium-magnitude HAEs 1.6 times 

more often than backs (Fig. 5). Incidence was significantly 
higher in men than in women, with forwards 1.7, 1.9 and 
2.4 times more likely to experience lower-, medium- and 
higher-magnitude HAEs than women forwards. In backs, 
medium- and higher-magnitude HAE incidence was signifi-
cantly greater in men than in women.

The propensity of tackles to result in HAEs was similar 
to carries in both men’s and women’s players (Fig. 6). Rucks 

Fig. 2  Incidence values between PLA and PAA thresholds for men’s and women’s forwards and backs. Supplementary Fig. 2 in the ESM illus-
trates findings using ΔPAV thresholds. PAA peak angular acceleration, PLA peak linear acceleration, ΔPAV peak change in angular velocity

Table 1  The mean number of each contact event type completed per 
player hour, the total number of measured events and the total num-
ber of each contact event type to result in a given number of HAEs 

for men’s and women’s forwards and backs. Events were measured 
if proximity sensor readings indicated the iMG was worn during the 
event

Contact event Mean n of contact events com-
pleted (per player hour)

Total n of measured 
contact events

n (%) of HAEs per measured event

0 1 2 3 + 

Men's forwards
 Tackles 10.4 (9.5–11.2) 849 328 (38.6) 296 (34.9) 137 (16.1) 88 (10.4)
 Carries 5.4 (4.7–6.0) 437 148 (33.9) 158 (36.2) 75 (17.2) 56 (12.8)
 Rucks 18.8 (16.4–21.3) 1436 924 (64.3) 350 (24.4) 123 (8.6) 39 (2.7)

Women's forwards
 Tackles 11.0 (9.6–12.6) 847 485 (57.3) 235 (27.7) 98 (11.6) 29 (3.4)
 Carries 5.3 (4.3–6.0) 389 211 (54.2) 117 (30.1) 48 (12.3) 13 (3.3)
 Rucks 18.2 (15.6–20.8) 1225 981 (80.1) 194 (15.8) 44 (3.6) 6 (0.5)

Men's backs
 Tackles 7.3 (6.4–8.3) 398 162 (40.7) 109 (27.4) 77 (19.4) 50 (12.6)
 Carries 5.1 (4.4–5.9) 312 144 (46.1) 87 (27.9) 45 (14.4) 36 (11.5)
 Rucks 5.9 (4.9–6.9) 371 237 (63.9) 86 (23.2) 32 (8.6) 16 (4.3)

Women's backs
 Tackles 6.6 (5.6–7.7) 399 230 (57.6) 124 (31.1) 36 (9.0) 9 (2.3)
 Carries 5.3 (4.6–5.9) 291 194 (66.7) 72 (24.7) 19 (6.5) 6 (2.1)
 Rucks 6.2 (4.9–7.3) 310 246 (79.3) 53 (17.1) 10 (3.2) 1 (0.3)
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were significantly more likely to result in lower-magnitude 
HAEs than tackles and carries (if no HAE occurred during a 
contact event during propensity comparisons it was assumed 
to fall within the lower-magnitude band), while tackles and 
carries were significantly more likely to result in medium- 
and higher-magnitude HAEs than rucks.

There were no significant differences in HAE propen-
sity between forwards and backs for any contact type, with 
the exception of women’s forwards, who were 1.6 times 
more likely to experience a medium-magnitude HAE from 
a carry than women’s backs. Following all contact event 
types, men’s players were significantly less likely to experi-
ence a lower-magnitude HAE and significantly more likely 

to experience medium- and higher-magnitude HAEs than 
women’s players (Fig. 6).

During tackles and carries there are various stages in 
which HAEs can occur. The initial collision was signifi-
cantly more likely to result in medium- and higher-magni-
tude HAEs than all other stages in both men’s and women’s 
tackles. For example, men’s players were 5.3–7.1 times more 
likely to experience a higher-magnitude HAE from the initial 
collision than from other stages. In women’s tackles, the 
breakdown was significantly less likely to result in medium- 
and higher-magnitude HAEs than secondary contact and 
grounding stages, while in men’s tackles, there were no 
significant differences between the propensity of secondary 

Fig. 3  The propensity of tackles, carries and rucks to result in at least 
one HAE exceeding a given PLA (5–60  g) or PAA threshold (0.4–
3.0 krad/s2) for men’s and women’s players. Shaded regions indicate 
95% CI. The number of players available to calculate each curve is 
shown as n. Text labels are added at intervals along the curve. Sup-

plementary Fig.  1 in the ESM illustrates findings using a ΔPAV 
threshold. CI confidence interval, HAEs head acceleration events, 
PAA peak angular acceleration, PLA peak linear acceleration, ΔPAV 
peak change in angular velocity
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contact, grounding and breakdown stages. Unlike during 
tackles, the initial collision in a carry did not have a signifi-
cantly higher propensity than other stages to result in HAEs, 
with the exception of the secondary contact stage, which was 
significantly less likely to result in an HAE in both men and 
women. In women’s carries, the grounding stage was sig-
nificantly more likely to result in medium-magnitude HAEs 
than both the secondary and breakdown stages, and had a 
similar propensity to the initial collision.

4  Discussion

The aim of this study was to utilise iMGs and video analy-
sis to describe the incidence and propensity of HAEs dur-
ing elite-level men’s and women’s rugby matches. Based 
on 14,898 match minutes and 7264 iMG-measured contact 
events, the majority of contact events did not register HAEs 
above the thresholds used in the present study (Table 1), and 
the incidence of HAEs decreased significantly as HAE mag-
nitude increased, for both linear and angular acceleration. 

Fig. 4  Propensity values between PLA and PAA thresholds for men’s and women’s forwards and backs. Supplementary Fig. 3 illustrates findings 
using a ΔPAV threshold (see ESM). PAA peak angular acceleration, PLA peak linear acceleration, ΔPAV peak change in angular velocity
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Higher magnitude HAEs were comparatively rare, with an 
HAE exceeding 40 g occurring every 30 tackles, 28 carries 
and 59 rucks in men, and every 111 tackles, 91 carries and 
333 rucks in women. In total, an HAE > 40 g occurred every 
60 and 100 min for men’s forwards and backs, respectively, 
and every 200 and 300 min for women’s forwards and backs.

Additionally, statistical analysis was used to compare 
incidence and propensity between groups of interest. Key 
findings from this analysis included a higher, though not 
always significant, HAE incidence from tackles than carries, 
forwards experiencing HAEs at a greater rate than backs 
and men’s players experiencing HAEs at a greater rate than 
women’s players. With respect to propensity, tackles and 
carries were equally likely to result in HAEs, the propensity 
of contact events to result in HAEs was similar between 
positional groups, men’s contact events had a higher pro-
pensity than women’s contact events and the initial collision 
stage of the tackle had a higher propensity than other stages.

Incidence, measured as HAEs per player hour, can be 
considered a product of how many contact events a player 
is exposed to, and the propensity of each of those contact 

events to result in HAEs. This product accounts for the pre-
sent findings. For example, men experienced more HAEs per 
match hour than women, despite having a similar overall rate 
of contact events to women (Table 1). Therefore, the greater 
incidence in men can be explained by the higher propensity 
of each contact event to result in an HAE in men than in 
women. The mechanism for this difference in propensity 
requires future mechanistic studies, but may be the result 
of physical and/or technical differences between men’s and 
women’s contact events.

Conversely, HAE incidence was significantly greater in 
forwards than in backs despite no significant difference in 
propensity, meaning that the incidence difference is created 
by forwards completing a higher number of contact events 
per hour than backs (Table 1), rather than inherent differ-
ences between forwards and backs in contact.

Ultimately, the reduction of HAE exposure will be 
measured by lowering the incidence, however this can be 
achieved either by reducing exposure to the risk events, or 
by modifying the risk events such that their propensity to 
cause an HAE is reduced. By examining both incidence and 

Fig. 5  Incidence ratios of HAEs 
caused by tackles, carries, rucks 
and other contact events within 
lower-, medium- and higher-
magnitude bands. Comparisons 
between events, positions and 
sexes are included. Significant 
comparisons are indicated by 
green boxes. HAEs head accel-
eration events
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propensity, we are better able to understand and identify how 
HAE risk may be reduced. Propensity may be reduced by 
identifying which behaviours increase the risk of HAEs, and 
then modifying player’s technique, conditioning levels and 
possibly laws to avoid these higher-risk situations. Exposure 
to the risk event can be reduced by limiting match exposure, 
or reducing the number of contact events in a given period. 
Both areas are important for future research to ascertain 
which can be most effective in reducing HAE exposure.

Given the assumption that HAEs should be mitigated 
where possible, more targeted interventions can be explored 
in rugby union. Mitigation strategies may aim to reduce 
HAEs from the most frequently occurring contact events, 
or the contact events with the highest risk of high-magnitude 
HAEs. In both cases, tackles should continue to be the focus 

of interventions [6, 7]. Specifically, the initial collision stage 
of the tackle was significantly more likely to result in HAEs 
than other stages. These findings may also inform position- 
and sex-specific match exposure guidelines based on HAE 
exposure, which at present are based on overall injury risk 
models [22].

Finally, these data provide intriguing contrasts compared 
with previous studies of HIA and concussion risk. In the pre-
sent study, tackles and carries exhibited a similar propensity 
to result in HAEs at all magnitudes (Figs. 3 and 4). However, 
previous research has found that in men, tackles had a higher 
propensity to result in HIAs and concussions than carries [4, 
5, 23]. In a smaller sample (n = 69) of women’s concussions, 
the ball carrier experienced slightly more concussions than 
the tackler (ratio 1.3 ball carrier to tackler) [24]. This raises 

Fig. 6  Propensity ratios of 
tackles, carries and rucks to 
result in a maximum-magnitude 
HAE within lower-, medium- 
and higher-magnitude bands. If 
no HAE was recorded during a 
contact event then the maxi-
mum HAE was considered to 
be within the lower band. 
Comparisons between events, 
positions and sexes, and contact 
stages are included. Significant 
comparisons are indicated by 
green boxes. HAEs head accel-
eration events
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the possibility that future mitigation strategies designed to 
reduce HIA and concussion incidence may not necessarily 
reduce HAE incidence, and vice versa. Therefore, monitor-
ing the incidence and propensity of both HIAs and HAEs 
following the introduction of head injury mitigation policies 
is essential to identify potential unintended consequences 
that may occur to one outcome when attempting to mitigate 
the other (i.e., HIAs vs HAEs). Moreover, more research is 
needed to investigate the clinical outcomes of HAEs across 
different magnitudes to inform which HAEs need to be 
mitigated.

5  Limitations

This study was limited to examining HAEs during match 
play and did not consider HAEs that occur during train-
ing sessions. It is important to assess HAE exposure dur-
ing both match play and training to gain a comprehensive 
understanding of the cumulative HAE risk in rugby union. 
Secondly, it is essential to acknowledge the limitations of 
iMGs. The filtering of kinematics was conducted as part of 
Prevent Biometrics’ in-house processes and has therefore 
been incorporated into previous validations of the entire 
iMG system [16–18]. However, these kinematic filters, as 
well as the proximity sensors, lack individual validation. 
Additionally, our study revealed a false-negative rate of 
14%, indicating that the reported exposures are likely to 
be underestimated. Prior simulations [27] have suggested 
that false negatives may be influenced by a bias introduced 
through linear acceleration trigger mechanisms. Thirdly, the 
study did not address the influence of tackle, carry or ruck 
technique on HAE incidence and propensity. This has been 
recognised as a significant risk factor for injury, and fur-
ther studies should aim to assess the effect of technique on 
HAE risk to inform coaching and rule changes. Finally, this 
study utilises peak resultant head kinematics (PLA, PAA and 
ΔPAV) which do not consider directionality and temporal 
data (e.g., pulse duration) from the kinematic signals which 
are likely to be critical to injury risk [25]. Finite element 
brain model-based metrics may improve HAE studies in the 
future, however, differences in model predictions exist [26].

6  Conclusion

This novel study utilised iMG technology and video analysis 
to quantify HAEs in elite-level men’s and women’s rugby 
union. Typical HAE exposures of elite rugby union play-
ers are reported and can be used as comparative data for 
future studies evaluating the effectiveness of HAE reduction 
strategies and injury prevention initiatives. Results indicate 

that most contact events in rugby union caused either no 
recorded HAE, or lower-magnitude HAEs, while higher-
magnitude HAEs were comparatively rare. On average, 
HAEs above 40 g occurred approximately once in every 30 
tackles, 28 carries and 59 rucks in men, and every 111 tack-
les, 91 carries and 333 rucks in women. For men's forwards 
and backs, these HAEs occurred every 60 and 100 min, 
respectively, and every 200 and 300 min for women's for-
wards and backs. Incidence was significantly higher in men 
than women as a result of greater propensity of all contact 
events to cause HAEs in men, and significantly higher in 
forwards than backs as a result of greater involvements of 
forwards in contact. The initial collision stage of the tackle 
was identified as the highest risk area for HAE mitigation 
strategies. These findings benchmark HAE exposures in 
elite-level rugby union for the first time and provide a basis 
from which to develop strategies aimed at reducing HAEs.

7  Policy Implications

The tackle event should remain a focus of strategies aimed 
at reducing HAE propensity with consideration for both the 
tackler and the ball carrier. The initial collision of the tackle 
event should be targeted specifically. Rucks are also a con-
cern due to the high number of events per match. Incidence 
reported in this study may have implications for position- 
and sex-specific guidelines on contact load management, 
due to differences in the incidence of HAEs.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40279- 023- 01953-7.

Acknowledgements The authors would like to thank all players and 
staff for participating in the study. The authors would like to acknowl-
edge Prevent Biometrics for their support and cooperation during the 
study. For their assistance with data collection and coding, Janelle 
Romanchuk, Alexander Gilbert, Henry Williams. For their assistance 
with the 3D scanning, Begona Ruiz Conrads.

Declarations 

Funding World Rugby funded this research project.

Competing interests GT has received research funding from Prevent 
Biometrics and World Rugby. BJ is employed in a consultancy capac-
ity by the Rugby Football League and Premiership Rugby, and has 
received research funding from Prevent Biometrics and World Rugby. 
RT, EF, DS and LS are employed by World Rugby. The remaining 
authors have no competing interests to declare.

Ethics Approval This project was approved by University's Research 
Ethics Committee (UREC), University of Ulster (#REC-21–0061) and 
the University of Otago Human Ethics Committee (REF: H21-056). 
The study was performed in accordance with the standards of ethics 
outlined in the Declaration of Helsinki.

Consent to Participate All participants provided written consent.

https://doi.org/10.1007/s40279-023-01953-7


Instrumented Mouthguards in Elite-Level Men’s and Women’s Rugby Union

Data Sharing All data relevant to the study are included in the article 
or uploaded as supplementary information. Anonymised data should 
be available upon reasonable request.

Contributors JT, JW, RT, EF, DS and GT conceptualised the research 
project and designed the study. JT, JW, RT, EF, DS and GT collected 
data for the study. All authors were responsible for analysis and inter-
pretation of the results. JT, RT, GT and BJ drafted the manuscript. All 
authors critically reviewed and edited the manuscript prior to submis-
sion.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. 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(10):566–72.

 2. West SW, Starling L, Kemp S, et al. Trends in match injury risk 
in professional male rugby union: a 16-season review of 10 851 
match injuries in the English Premiership (2002–2019): the Pro-
fessional Rugby Injury Surveillance Project. Br J Sports Med. 
2021;55(12):676–82.

 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(15):1152–7.

 4. Tucker R, Raftery M, Fuller GW, Hester B, Kemp S, Cross MJ. 
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(15):1147–51.

 5. 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(16):1021–5.

 6. Raftery M, Tucker R, Falvey ÉC. Getting tough on concus-
sion: how welfare-driven law change may improve player 
safety—a Rugby Union experience. Br Assoc Sport Exerc Med. 
2021;55:527–9.

 7. 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 con-
cussion? A controlled study in 126 games. Br J Sports Med. 
2021;55(4):220–5.

 8. Tierney G. Concussion biomechanics, head acceleration expo-
sure and brain injury criteria in sport: a review. Sports Biome-
cha. 2022. https:// doi. org/ 10. 1080/ 14763 141. 2021. 20169 29

 9. Fuller C, Taylor A, Douglas M, Raftery M. Rugby World 
Cup 2019 injury surveillance study. S Afr J Sports Med. 
2020;32(1):v32i1a8062.

 10. Kuo C, Patton D, Rooks T, et  al. On-field deployment 
and validation for wearable devices. Ann Biomed Eng. 
2022;50(11):1372–88.

 11. Ntikas M, Binkofski F, Shah NJ, Ietswaart M. Repeated Sub-
Concussive Impacts and the Negative Effects of Contact Sports 
on Cognition and Brain Integrity. Int J Environ Res Public 
Health. 2022;19(12):7098.

 12. Rowson S, Campolettano ET, Duma SM, et  al. Account-
ing for variance in concussion tolerance between individu-
als: comparing head accelerations between concussed and 
physically matched control subjects. Ann Biomed Eng. 
2019;47(10):2048–56.

 13. Guskiewicz KM, Mihalik JP. Biomechanics of sport concus-
sion: quest for the elusive injury threshold. Exerc Sport Sci Rev. 
2011;39(1):4–11.

 14. Broglio SP, Lapointe A, O’Connor KL, McCrea M. Head impact 
density: a model to explain the elusive concussion threshold. J 
Neurotrauma. 2017;34(19):2675–83.

 15. Wu LC, Nangia V, Bui K, et al. In vivo evaluation of wearable 
head impact sensors. Ann Biomed Eng. 2016;44(4):1234–45.

 16. Jones B, Tooby J, Weaving D, et al. Ready for impact? A valid-
ity and feasibility study of instrumented mouthguards (iMGs). 
Br J Sports Med. 2022;56(20):1171–9.

 17. Liu Y, Domel AG, Yousefsani SA, et al. Validation and com-
parison of instrumented mouthguards for measuring head kin-
ematics and assessing brain deformation in football impacts. 
Ann Biomed Eng. 2020;48(11):2580–98.

 18. Kieffer EE, Begonia MT, Tyson AM, Rowson S. A two-
phased approach to quantifying head impact sensor accuracy: 
in-laboratory and on-field assessments. Ann Biomed Eng. 
2020;48(11):2613–25.

 19. Heyward O, Emmonds S, Roe G, Scantlebury S, Stokes K, 
Jones B. Applied sports science and sports medicine in women’s 
rugby: systematic scoping review and Delphi study to estab-
lish future research priorities. BMJ Open Sport Exerc Med. 
2022;8(3): e001287.

 20. Tooby J, Weaving D, Al-Dawoud M, Tierney G. Quantifica-
tion of head acceleration events in rugby league: an instru-
mented mouthguard and video analysis pilot study. Sensors. 
2022;22(2):584.

 21. King D, Hume P, Gissane C, Brughelli M, Clark T. The influence 
of head impact threshold for reporting data in contact and colli-
sion sports: systematic review and original data analysis. Sports 
Med. 2016;46(2):151–69.

 22. Williams S, Trewartha G, Kemp SP, et al. How much rugby is too 
much? A seven-season prospective cohort study of match expo-
sure and injury risk in professional rugby union players. Sports 
Med. 2017;47:2395–402.

 23. Tierney GJ, Denvir K, Farrell G, Simms CK. The effect of tackler 
technique on head injury assessment risk in elite rugby union. 
Med Sci Sports Exerc. 2018;50(3):603–8.

 24. Starling LT, Gabb N, Williams S, Kemp S, Stokes KA. Longitu-
dinal study of six seasons of match injuries in elite female rugby 
union. Br J Sports Med. 2023;57(4):212–7.

 25. Gabler LF, Crandall JR, Panzer MB. Development of a second-
order system for rapid estimation of maximum brain strain. Ann 
Biomed Eng. 2019;47(9):1971–81.

 26. Fahlstedt M, Abayazid F, Panzer MB, et al. Ranking and rat-
ing bicycle helmet safety performance in oblique impacts 
using eight different brain injury models. Ann Biomed Eng. 
2021;49(3):1097-1109.27.

 27. Wang T, Kenny R, Wu LC. Head impact sensor triggering bias 
introduced by linear acceleration thresholding. Ann Biomed Eng. 
2021;49:1–11.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/14763141.2021.2016929


 J. Tooby et al.

Authors and Affiliations

James Tooby1  · James Woodward2 · Ross Tucker3,4 · Ben Jones1,5,6,7,8 · Éanna Falvey4,9 · Danielle Salmon4,10 · 
Melanie Dawn Bussey11 · Lindsay Starling4 · Gregory Tierney1,2 

 * Gregory Tierney 
 g.tierney@ulster.ac.uk

1 Carnegie Applied Rugby Research (CARR) Centre, 
Carnegie School of Sport, Leeds Beckett University, Leeds, 
UK

2 Sport and Exercise Sciences Research Institute, Ulster 
University, Belfast, UK

3 Department of Sport Science, Institute of Sport and Exercise 
Medicine, University of Stellenbosch, Stellenbosch, 
South Africa

4 World Rugby, 8-10 Pembroke St., Dublin, Ireland
5 Division of Physiological Sciences and Health Through 

Physical Activity, Department of Human Biology, Faculty 
of Health Sciences, Lifestyle and Sport Research Centre, 
University of Cape Town, Cape Town, South Africa

6 England Performance Unit, Rugby Football League, 
Manchester, UK

7 Premiership Rugby, London, UK
8 Faculty of Health Sciences, School of Behavioural 

and Health Sciences, Australian Catholic University, 
Brisbane, QLD, Australia

9 School of Medicine & Health, University College Cork, 
Cork, Ireland

10 New Zealand Rugby, Auckland, New Zealand
11 School of Physical Education Sport and Exercise Sciences, 

University of Otago, Dunedin, New Zealand

http://orcid.org/0000-0002-5398-4416
http://orcid.org/0000-0002-4666-4473

	Instrumented Mouthguards in€Elite-Level Men’s and€Women’s Rugby Union: The Incidence and€Propensity of€Head Acceleration Events in€Matches
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Study Design and€Participants
	2.2 Recording Threshold
	2.3 Statistical Analysis

	3 Results
	4 Discussion
	5 Limitations
	6 Conclusion
	7 Policy Implications
	Anchor 17
	Acknowledgements 
	References


