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Abstract
Objectives  The purpose of this study was to investigate head kinematic variables in elite men’s and women’s rugby union 
and their ability to predict player removal for an off-field (HIA1) head injury assessment.
Methods  Instrumented mouthguard (iMG) data were collected for 250 men and 132 women from 1865 and 807 player-
matches, respectively, and synchronised to video-coded match footage. Head peak resultant linear acceleration (PLA), peak 
resultant angular acceleration (PAA) and peak change in angular velocity (dPAV) were extracted from each head acceleration 
event (HAE). HAEs were linked to documented HIA1 events, with ten logistical regression models for men and women, 
using a random subset of non-case HAEs, calculated to identify kinematic variables associated with HIA1 events. Receiver 
operating characteristic curves (ROC) were used to describe thresholds for HIA1 removal.
Results  Increases in PLA and dPAV were significantly associated with an increasing likelihood of HIA1 removal in the 
men’s game, with an OR ranging from 1.05–1.12 and 1.13–1.18, respectively. The optimal values to maximise for both 
sensitivity and specificity for detecting an HIA1 were 1.96 krad⋅s−2, 24.29 g and 14.75 rad⋅s−1 for PAA, PLA and dPAV, 
respectively. Only one model had any significant variable associated with increasing the likelihood of a HIA1 removal in the 
women’s game—PAA with an OR of 8.51 (1.23–58.66). The optimal values for sensitivity and specificity for women were 
2.01 krad⋅s−2, 25.98 g and 15.38 rad⋅s−1 for PAA, PLA and dPAV, respectively.
Conclusion  PLA and dPAV were predictive of men’s HIA1 events. Further HIA1 data are needed to understand the role 
of head kinematic variables in the women’s game. The calculated spectrum of sensitivity and specificity of iMG alerts for 
HIA1 removals in men and women present a starting point for further discussion about using iMGs as an additional trigger 
in the existing HIA process.

1  Introduction

Consistently identifying suspected concussions on the field 
presents a clinical challenge for all sports [1]. Current on-
field detection methods rely on visual identification sup-
ported by video review of potentially injurious events by 
sideline medical practitioners who identify impacts that 
result in some or all of a defined set of features, including 
observable signs, abnormalities of cognition, balance and 
ocular movement [2]. Where these signs are not observed, 
identification relies on player-reported symptoms after 
head impacts. In elite rugby union, when such events are 
observed, players are removed from play either permanently 

(when defined observable signs of concussion are seen) or 
temporarily for a 12-min off-field screen when a concussion 
is possible, but the diagnosis is not apparent on field [2, 
3]. This constitutes the Head Injury Assessment 1 (HIA1) 
phase of the Head Injury Assessment (HIA) process, which 
is then completed with two post-match diagnostic assess-
ments using the full SCAT6 screen conducted within 2 h 
(HIA2) and 36–48 h (HIA3) of the match. Approximately 
20% of subsequently diagnosed concussions post-match in 
elite-level men’s rugby union go unrecognised on field, even 
though a targeted post-match review of match video found 
that two-thirds of these cases displayed signs and symptoms 
of concussion at the time [3]. Clearly, there is the potential to 
further improve the identification of suspected concussions 
on the field.
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Key Points 

Concussion is the most common injury in rugby union. 
Current on-field suspected concussion detection methods 
rely on visually identifying an athlete exhibiting concus-
sion signs, reporting symptoms or identifying clinical 
features in real time or upon video review of the event.

Increases in peak linear acceleration (PLA) and changes 
in peak angular velocity (dPAV) were predictive of 
men’s Head Injury Assessment 1 (HIA1) events, and 
peak angular acceleration (PAA) was predictive of 
women’s HIA1 events; however, further HIA1 data are 
needed to fully understand the role of head kinematic 
variables within the women’s game.

The findings contributed to the evidence that informed 
the 2024 World Rugby policy change to include instru-
mented mouthguards (iMG) measurements as a trigger 
for the HIA1 removal process in the elite adult game.

Head acceleration events (HAEs) can result from either 
direct head contact or indirectly (inertial) through body con-
tact [1, 4]. Studies have associated head kinematics during 
HAEs, including linear acceleration, angular acceleration 
and angular velocity, with the risk of concussion, though 
diagnostic accuracy was not assessed [1, 5, 6]. A recent 
review emphasised the importance of measuring linear and 
rotational kinematics in field-based studies [1], with rota-
tional motion of the head being a primary contributor to 
brain deformation [1]. A tool that may improve the iden-
tification of significant head impacts with the potential to 
cause concussion is the instrumented mouthguard (iMG). 
iMGs have proven to be superior for measuring head linear 
and rotational kinematics during on-field HAEs compared 
with soft tissue-mounted and headgear-mounted sensors, as 
they provide better coupling with the skull through the upper 
dentition [7]. As a result, iMGs are preferred for in vivo 
measurements of HAEs [7] and have been used in combina-
tion with qualitative video analysis in field-based studies 
involving rugby union, rugby league and American football 
teams [8–11].

In the men’s and women’s elite game, World Rugby, 
the governing body for rugby union globally, has recently 
introduced iMG devices to support the identification of sig-
nificant head impacts. This is intended to expand removal 
criteria so that players who experience peak linear accelera-
tion (PLA) and peak angular acceleration (PAA) magnitudes 

exceeding identified thresholds are removed from play for 
screening, with the aim of identifying a portion of the 
20% of concussions that go unrecognised in matches. The 
thresholds currently in use were chosen on the basis of 
practical implications for medical support and to minimise 
in-match disruption since excessively low PLA and PAA 
magnitudes would necessitate the frequent removal of play-
ers, overwhelming the HIA process and ultimately causing 
stakeholders, including players and coaches, to reject its 
use. As such, a combined PLA–PAA threshold of 75 g and 
4.5 krad⋅s−2 was chosen for men and 65 g and 4.5 krad⋅s−2 
for women. This is understood to be sub-optimal in the 
sense that it would compromise the sensitivity of the iMG 
to identify concussions but is a necessary compromise to 
avoid excessive medical and game disruption. The incorpo-
ration of iMGs into the HIA is not intended to be diagnostic 
in nature, nor to replace the current HIA screening process, 
but rather as an additional criterion to identify significant 
head impacts that do not cause the observable clinical signs 
and behaviour changes that currently prompt player removal.

While the above HIA1 changes have already been intro-
duced, the research upon which they are based has not been 
presented. The aim of this study is to investigate head kin-
ematic variables in elite men’s and women’s rugby union 
and to explore their ability to predict whether a player may 
be required to undergo an HIA1 assessment. The sensitivity 
and specificity of iMG measurements in predicting HIA1 
removals were also explored.

2 � Methods

2.1 � Study Design and Participants

A prospective observational cohort study was undertaken. 
All players eligible to feature in the first-team squad for 
elite-level Premiership (men) and Premier 15s (women) 
clubs during the 2022/23 season were approached to par-
ticipate. This represents England’s highest level of men’s 
and women’s club rugby players. Of the players approached, 
544 men and 255 women consented to participate and were 
provided with an iMG. Of these, 250 men and 132 women 
provided HAE data for this study.

Data were collected from domestic league, cup and Euro-
pean cup competitions in men (n = 1865 player-matches) 
and domestic league and cup competitions in women 
(n = 807 player-matches). Each participant provided writ-
ten consent, and ethical approval for the study was given 
by the university’s Research Ethics Committee, Ulster 
University (#REC-21-0061). Participants underwent three-
dimensional (3D) dental scans and received a custom-fit 
iMG (Prevent Biometrics, Minneapolis, MN). The iMGs 
have an accelerometer and gyroscope sampling at 3200 
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Hz and a measurement range of ± 200 g and ± 35 rad⋅s−1, 
respectively. An infrared proximity sensor was embedded in 
the iMG to assess the coupling of the iMG to the upper den-
tition during HAEs. The validity of the Prevent Biometrics 
(Prevent) iMG has been demonstrated in previous studies 
both on-field and within laboratory settings [12–15]. The 
measurements of PLA and PAA have been shown to have 
a concordance correlation coefficient of between 0.97 and 
0.98 for PLA and between 0.91 and 0.98 for PAA when 
compared with reference head form measurements [13, 15]. 
The peak kinematic validity measurements are generated 
within laboratory settings and may not represent the iMGs’ 
on-field performance.

A HAE was identified when a linear acceleration trigger 
threshold of 8 g measured at the mouthguard was exceeded 
upon a single axis of the iMG accelerometer [11]. The 8 g 
threshold was selected by Prevent to limit the number of 
HAE cases collected from voluntary head accelerations 
caused by running, jumping and cutting, which occur at 
or below this level of acceleration [11]. HAE kinematics 
were captured 10 ms pre-trigger and 40 ms post-trigger. For 
reporting HAEs, the kinematic signals are transformed to the 
head centre of gravity (CG), in line with SAE J211 reporting 
standards [16].

As HAEs from contact events have been recorded below 
10 g within Rugby Union [9, 15], a threshold of 400 rad⋅s−2 
and 5 g at the head CG was utilised to capture and include 
HAEs from contact events only [11]. A trigger threshold of 8 
g can record HAEs below 8 g at the head CG. The thresholds 
of 400 rad⋅s−2 and 5 g have been shown to have a positive 
predictive value (PPV) of 0.99 (95% CI 0.97–1.00) for iden-
tifying HAEs that come directly from contact events [11].

The resultant PLA at the head CG, resultant PAA and 
the change in the head’s peak angular velocity (dPAV) were 
extracted from each HAE [9]. Peak change in angular veloc-
ity was calculated by zeroing the three component wave-
forms to the onset of post-trigger data (i.e. the moment the 
iMG was triggered) with the peak resultant value of dPAV 
calculated from the zeroed components [9]. PAA was calcu-
lated by differentiating the raw angular velocity time trace 
using a five-point stencil method [18]. The level of noise/
artefact in the raw kinematic signal is classified by Prevent, 
using a proprietary algorithm, to determine whether each 
HAE contains minimal noise (class 0), moderate noise 
(class 1) or severe noise (class 2); see Limitations. A total 
of 47,741 HAE were collected, of which 43,697 (91.5%) 
were class 0, 3254 (6.8%) were class 1 and 790 (1.7%) were 
class 2. The filtering process for the Prevent iMG has previ-
ously been described in detail. In brief, a fourth-order (2 × 2 
pole) zero phase, low-pass Butterworth filter with a cut-off 
frequency (− 6 dB) [17] of 200, 100 and 50 Hz for class 0, 
1 and 2 HAE, respectively, similar to previous studies, was 
utilised [9, 15, 18, 19].

2.2 � iMG and HIA Event Identification

Removals from play for HIA1 assessments were exported 
from the World Rugby SCRM database [3]. The SCRM App 
records all clinical assessments and data related to the HIA 
protocol globally in a secure database. There are in-built 
data validation checks within the SCRM App to improve 
data accuracy, and World Rugby employs an independent 
researcher to perform weekly quality control of the data 
stored by SCRM to ensure the data are sufficiently accurate 
to use for research.

To identify the HAE event that led to a player’s removal 
for a HIA1 assessment, match footage and event data were 
obtained from StatsPerform (Chicago, Illinois, USA). Match 
data includes player information related to contact events, 
such as tackles, carries, rucks, etc., and other information, 
such as substitution timings. For players that were removed 
for a HIA1 assessment, the time they were removed from the 
field was used to synchronise the iMG HAE timestamps to 
that of the contact events. The contact events leading up to 
the player’s removal were then watched to identify the HAE 
impact responsible for HIA1 removal using the rationale 
that either the final HAE before the removal of the player 
or the most significant HAE in the moments before player 
removal was responsible for the HIA1. If the head impact 
was not clearly visible from video footage, the HIA1 case 
was excluded, and the potential HAE impacts which led to 
the player’s removal were removed from the analysis (n = 4).

2.3 � Statistical Analysis

Binary logistical regression and odd ratios (OR) with 95% 
CI were calculated to identify iMG kinematics associated 
with HIA1 events compared with non-cases (i.e. HAEs that 
did not lead to a HIA1). Non-case HAEs were not video 
verified; however, as stated above, as a 400 rad⋅s−2 and 5 g 
threshold were used, the number of false positive events, that 
is, events that did not originate from contact, is expected to 
be very low (PPV > 0.99) [11]. Due to the non-independent 
nature of the non-cases, ten sets of random samples (one 
random non-case event per player) were taken; no non-case 
event was included more than once across the ten random 
samples. This also limited the number of observations to 
limit and prevent oversampling of the non-cases in relation 
to the HIA1s. In cases where a player was linked to multiple 
HIA1 events, to maintain the independence of the predictor 
variables and to take a conservative approach, the minimum 
recorded values for PLA, PAA and dPAV values were input 
into the model.

A logistic regression model was run separately for all ten 
models for both men and women, and each model contained 
three independent variables: PLA, PAA and dPAV. The 
multicollinearity of the independent variables (PLA, PAA, 
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dPAV) was formally assessed [20]. No independent vari-
ables were found to be highly intercorrelated [collinearity 
tolerance all greater than 0.1, variance inflation factor (VIF) 
less than 10] [20]. The addition of interaction effects to the 
models was also investigated, but no evidence was found to 
support their inclusion, and therefore, were not reported. 
Receiver operator characteristic curves (ROC) were calcu-
lated for the independent variables with optimal thresholds 
for player removal calculated. Optimal threshold values were 
determined using the Youden index, which maximises both 
the sensitivity and specificity of the independent variables. 
The non-case impacts used for the ten random models were 
combined to form one singular dataset for both men and 
women separately, as ROC analysis does not suffer from the 
sparse occurrence of HIA1 cases.

Peak head kinematics linked to HIA1 events were com-
pared between men and women using linear mixed-effects 
models [9, 10]. Fixed effects included the categorical var-
iable sex. The normality of the data was assessed, and a 
normal distribution was found through visual inspection 
using histograms, Shapiro–Wilk test and Q–Q plots for the 
residuals. Linear mixed-effects models were used to evalu-
ate nested data in clusters of individual players. PLA, PAA 
and dPAV were compared between men and women. The 
player subject factor was included as a random intercept 
for the model to account for variability. Significance was 
determined by comparing the p-values with an alpha level 
of p < 0.05. Statistical analyses were conducted using com-
mercially available software (IBM® SPSS®v.29, STATA).

3 � Results

Over the included competitions, 38,842 HAEs were col-
lected in the men’s game, with 8899 in the women’s game. 
Figure 1 shows the relationship between PLA versus PAA 
and dPAV versus PAA of all HAEs and identified HIA1 
cases in men (left) and women (right). A total of 30 and 8 
HIA1 assessments from 27 and 8 players wearing iMG were 
identified in the men’s and women’s cohorts, respectively.

In the men’s game, the logistic regression analysis indi-
cates that increases in PLA and dPAV are the strongest pre-
dictors of whether a player would be removed for an HIA1 
assessment. Within seven of the ten models run, PLA was 
found to be a significant predictor (Table 1). dPAV produced 
significant findings in eight out of the ten models. In no 
model was PAA found to be significant, and six models had 
both PLA and dPAV as significant predictors. The area under 
curve (AUC) ranged from 0.93–0.95 (Table 1).

The results of the ROC analysis for the men’s game indi-
cated that the PAA threshold value that optimised for both 
sensitivity and specificity was 1.96 krad⋅s−2 [sensitivity 
85.2% (66.3–95.8%), specificity 89.2% (87.8–90.5%)]. For 

PLA, the highest sensitivity (88.9%, 70.8–97.6%) and speci-
ficity (88.7%, 87.2–90.0%) were found at a threshold of 24.3 
g. The dPAV threshold to maximise sensitivity and specific-
ity was 14.75 rad⋅s−1 [sensitivity, 85.2% (66.3–95.8%), spec-
ificity 88.6% (87.1–89.9%)]. Figure 2 shows the relationship 
between sensitivity and specificity at a range of PLA and 
PAA values for men and women. As PLA increases, there is 
an expected reduction in sensitivity, with values declining to 
11.1% at a PLA of 75 g while specificity increases to 100%. 
For a PAA of 4.5 krad⋅s−2, the sensitivity and specificity are 
40.7% and 99.5%. Supplementary Figs. 1 and 2 show the 
ROC analysis in addition to sensitivity and specificity of the 
predictor variables for the ten individual models.

In the women’s game, eight of the ten logistic regression 
analyses reached a final solution. The results show a sig-
nificant association for PAA and HIA1 removal within only 
one model (Table 2). No other models contained significant 
predictors. Supplementary Fig. 3 shows the sensitivity and 
specificity of the predictor variables for the eight individual 
models that reached a final solution.

The results of the ROC analysis for the women’s game 
indicated that the PAA threshold value that optimised for 
both sensitivity and specificity was 2.0 krad⋅s−2 [sensitiv-
ity, 100% (68.8–100%), specificity 92.8% (91.0–94.3%)]. 
The threshold value for PLA was 26.0 g [sensitivity, 100% 
(68.8–100%)], specificity [94.5% (92.9–95.8%)] while the 
optimal threshold for dPAV occurred at 15.4 rad⋅s−1 [sensi-
tivity, 87.5% (47.3–99.7%), specificity 91.3% (89.5–93.0%)] 
(Fig. 2). At the PLA and PAA thresholds currently in use 
(65g and 4.5 krad⋅s−2), sensitivity decreased to 25% and 
12.5%, while specificity increased to 99.8% and 99.7%, 
respectively.

No significant differences in PLA (p = 0.61), PAA 
(p = 0.40) and dPAV (p = 0.06) were found between men’s 
and women’s HIA1 events. Mean and standard deviation 
(SD) PLA, PAA and dPAV for HIA1 events were 54.9 g 
(SD 24.9), 4.3 krad⋅s−2 (SD 2.2) and 24.8 rad⋅s−1 (SD 9.6) 
for men, respectively, and 49.8 g (SD 22.8), 3.6 krad⋅s−2 
(SD 1.1) and 18.0 rad⋅s−1 (SD 4.9) for women, respec-
tively. Mean PLA, PAA and dPAV for non-case HAE 
events were 14.4 g (SD 9.2), 1.1 krad⋅s−2 (SD 0.7) and 
9.0 rad⋅s−1 (SD 4.9) for men, respectively, and 13.3 g (SD 
8.0), 1.1 krad⋅s−2 (SD 0.7) and 9.0 rad⋅s−1 (SD 4.8) for 
women, respectively.

4 � Discussion

The present study finds associations between head kinemat-
ics, specifically PLA and dPAV in men and PAA in women, 
and HIA1 removals during match play in professional rugby 
union from a dataset of more than 47,000 HAEs and 38 
HIA1s. The association between these head kinematic 
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variables and HIA1 removals invites the potential use of 
iMG as a means to identify significant head impacts that 
may warrant clinical assessment as part of the sport’s HIA 
process and is the dataset that contributed to World Rugby’s 
addition of iMG into its HIA process in 2024.

We find that PLA and dPAV predict men’s HIA1 events 
in nine of ten random sample logistic regression models, 
with further HIA1 data needed to understand the role of 
head kinematic variables within the women’s game. Add-
ing the iMG to the removal-from-play criteria reduces the 

reliance on player self-report and visual observations from 
side-line medical practitioners and/or video reviewers to 
visually identify a suspected concussive impact on the field. 
The addition of iMG may thus reduce the proportion of con-
cussions that are not identified at the time of the inciting 
event [3].

The results of the ten logistic regression models for the 
men show significant associations between the HAE kin-
ematics of PLA and dPAV and the odds of a player being 
removed for an HIA1 assessment. Of these models, nine 

Fig. 1   Scatter plot illustrating the kinematics values for HIA1 events relative to non-cases for men and women
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were found to have significant predictors; one model had 
only PLA being predictive, two models had only dPAV 
being predictive and six models with PLA and dPAV 
being predictive (Table 1). The OR for the significant 
PLA predictors ranges from 1.05 to 1.12, with the OR 
of the significant dPAV predictors ranging from 1.13 to 
1.18. The OR imply that for every 1 g increase in PLA the 
odds of a HIA1 removal increase by between 5 and 12%; 
for dPAV, the OR implies that for every 1 rad⋅s−1 increase 
the odds of an HIA1 removal increase by between 13 and 
18%.

The relationship between clinical outcomes of head injury 
and the magnitude of head accelerations has been suggested 
previously [1, 5, 6]. Data from helmet sensor field-based 
studies have indicated that rotational acceleration, in par-
ticular, is associated with concussion [21, 22]. Other studies 
using helmet sensors found rotational acceleration is a sig-
nificantly worse predictor of concussion than linear accel-
eration [23]. For men, PAA was not significantly associated 
with HIA1 removal in any of the models in the current study 
[23]. Further research is needed to understand the interac-
tion of linear and rotational kinematics and their influence 
on rugby union concussions.

The results of the ten logistic regression models for 
women, of which only eight reached significance, only 
showed a significant association with PAA within one model 
with an OR of 8.51 (1.23–58.66). The lack of agreement 
between the two cohorts may be due to a relatively small 
sample size of women, specifically the number of HIA1 
cases available for analysis. The limited sample size of 
the HIA1 cases has most likely led to the women’s cohort 
being statistically underpowered for this analysis, and future 
research with larger cohorts, specifically women, is required 
to explore head kinematic relationships further.

The purpose of this logistic regression analysis is not 
to derive any form of diagnostic tests, nor is it to propose 
thresholds that should be used to identify HIA1 removals. 
Rather, these data represent the first stage of understand-
ing what parameters may be predictive of a player required 
to undergo an HIA1 assessment. As World Rugby collects 
more HAE data, particularly HAEs associated with HIA1, it 
is envisaged that these analyses be revisited with additional 
parameters to identify potential further predictive param-
eters. The use of iMGs is not a replacement for the cur-
rent HIA process but an additional tool to aid in identifying 
players who should be removed from play at the time of the 
head impact and then screened within the sport’s existing 
diagnostic processes.

The ROC analysis undertaken for the independent vari-
ables of PAA, PLA and dPAV investigates how the sensi-
tivity and specificity of the independent variables relates 
to the potential diagnostic performance of head kinematics 
in identifying HIA1 removals. It must be emphasised that 
this is assessed not from a diagnostic perspective, but rather 
for removal of play as a HIA1 case. That is, our analysis is 
concerned solely with whether a player left the field to enter 
the HIA pathway at the time of a head impact.

Our finding in this regard is that the threshold values 
for PLA and PAA that optimised sensitivity and specificity 
(PLA 24.3 g in men and 26.0 g in women, and PAA 1.96 
krad⋅s−2 in men and 2.01 krad⋅s−2 in women) produce good 
overall diagnostic accuracy. For men, at these thresholds a 
sensitivity of 88.9% and a specificity of 88.7% for PLA, and 
a sensitivity of 85.2% and a specificity of 89.2% for PAA, 
were found. For the women, a sensitivity of 100% and a 
specificity of 94.5% for PLA, and a sensitivity of 100% and 
a specificity of 92.8% for PAA, were found (Fig. 2).

Table 1   Results of the ten 
random sample logistic 
regression models for the men’s 
game

Peak angular acceleration (PAA) is measured in krad⋅s−2, peak linear acceleration (PLA) is measured in 
g, and change in peak angular velocity (dPAV) is measured in rad⋅s−1. AUC represents the area under the 
receiver operator characteristics curve and is a measure of model accuracy
*Significant predictors (p > 0.05) are denoted

Constant PAA PLA dPAV AUC​

Model 1 0.002* 1.30 (0.67–2.52) 1.05 (1.00–1.11) 1.16 (1.04–1.29)* 0.93 (0.87–0.99)
Model 2 0.002* 1.15 (0.54–2.43) 1.06 (1.00–1.13) 1.18 (1.06–1.31)* 0.94 (0.89–0.99)
Model 3 0.001* 1.88 (0.64–5.57) 1.07 (0.99–1.16) 1.10 (0.99–1.22) 0.94 (0.89–1.00)
Model 4 0.002* 1.16 (0.57–2.36) 1.08 (1.01–1.16)* 1.13 (1.04–1.23)* 0.94 (0.89–1.00)
Model 5 0.002* 1.21 (0.56–2.62) 1.08 (1.01–1.15)* 1.13 (1.01–1.27)* 0.95 (0.89–1.00)
Model 6 0.001* 0.87 (0.41–1.85) 1.11 (1.03–1.19)* 1.17 (1.05–1.31)* 0.95 (0.89–1.00)
Model 7 0.001* 1.64 (0.67–4.01) 1.07 (1.00–1.14)* 1.13 (1.01–1.27)* 0.94 (0.89–0.99)
Model 8 0.002* 1.11 (0.60–2.05) 1.05 (1.00–1.11)* 1.16 (1.07–1.27)* 0.94 (0.89–0.99)
Model 9 0.002* 1.27 (0.55–2.92) 1.09 (1.00–1.18)* 1.08 (0.97–1.20) 0.95 (0.90–1.00)
Model 10 0.002* 0.67 (0.34–1.32) 1.12 (1.04–1.20)* 1.15 (1.04–1.28)* 0.95 (0.90–1.00)
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However, whether these thresholds are practical and fea-
sible for use within the game context is a separate considera-
tion. Using iMGs as part of the removal from play criteria 

cannot be concerned solely with the theoretical optimisa-
tion of sensitivity and specificity. It must also recognise that 
removing players from the field of play is disruptive, and 

Fig. 2   Sensitivity and specificity based on the receiver operating characteristic curve (ROC) analysis for men and women for the kinematic vari-
ables of peak angular acceleration (PAA) (a, b), peak linear acceleration (PLA) (c, d) and change in peak angular velocity (dPAV) (e, f)
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thus should be reduced to an absolute tolerable minimum. 
Failure to do so would result in numerous instances where 
iMG alerts cause players to be removed for HIA1s, later 
found to be false positive cases. A high rate of false posi-
tive cases would create the risks of directly overwhelming 
medical support staff and infrastructure during matches and 
disrupting the match to such an extent that the premise of 
iMG use is rejected by coaches and players.

On the basis of previously published data, the volume of 
HAEs that occur during a match at the thresholds identified 
as optimising diagnostic performance would indeed cause 
this excessive abundance of HIA1 removals. Tooby et al. 
reported approximately 6 HAEs over 20 g per player hour 
and 2.8 HAEs per player hour over 2 krad⋅s−2 for men and 
2.4 HAEs per player hour over 20 g and 1.5 HAEs per player 
hour over 2 krad⋅s−2 for women. If every player wore the 
iMG, it can be predicted that over 100 iMG alerts would 
regularly occur in the men’s elite game, for example. To 
reduce the number of iMG alerts that would need assess-
ing by medical staff and the subsequent potential overall 
disruption to the game, a compromise is needed whereby 
the thresholds are adjusted to minimise false-positive occur-
rences (i.e. maximise specificity). This will reduce sensi-
tivity, meaning that potentially injurious head impacts are 
missed by the IMG. However, many of these events should 
be detected by match day officials, doctors and medical per-
sonnel, with the result that an increase in specificity does 
not have a large effect on missed cases, but is necessary for 
adoption into the sport’s HIA protocol.

Figure 2 shows this trade-off as the PLA and PAA thresh-
olds are increased to the levels that World Rugby has chosen 
for implementation in the elite game. The PLA threshold of 
75g has a sensitivity of 11.1% and specificity of 100%, and 
the PAA threshold of 4.5 krad⋅s−2 has a sensitivity of 40.7% 
and specificity of 99.5%. For women, the PLA threshold 
of 65 g has a sensitivity of 25% and specificity of 99.8%, 
and the PAA threshold of 4.5 krad⋅s−2 has a sensitivity of 

12.5% and specificity of 99.7%. Further evaluation of the 
performance of the iMG in this regard, as well as the clini-
cal strategy for using iMG by the sport, is beyond the scope 
of this manuscript.

Further, our analysis assesses how head kinematics are 
associated with removal from play in the HIA1 phase of the 
HIA process. The association between head kinematics and 
removal from play is the most relevant clinical outcome at 
present since it is for HIA1 removal from play that the use of 
iMGs is being added. That is, iMG is additive to the current 
criteria for player removal. iMG is not intended to diagnose 
concussion, though future research may explore how PLA, 
PAA, dPAV and other metrics are associated with clinical 
outcomes. Therefore, continuing to build and develop the 
model as more HIA1 kinematic data becomes available has 
the potential to develop greater predictive capabilities.

High PLA, PAA and dPAV measures were observed in 
non-clinical cases (Fig. 1) but without the real-time obser-
vation of clinical signs, symptoms or behaviour changes, 
which may be genuinely absent, or it may be that the player 
has continued to play without disclosing or exhibiting any 
consequences of the HAE. We are unaware of whether these 
HAEs resulted in clinical presentation of signs and symp-
toms post-match. However, this should be a focus of future 
work. Whilst the use of HIA player removal thresholds is 
still in its infancy, this study does provide some initial start-
ing data regarding potential predictive head kinematics and 
thresholds to better support the removal of players from the 
field of play who, based on their HAE kinematics, may be 
at risk of a concussion.

4.1 � Limitations

Player compliance in wearing the iMGs posed a significant 
challenge over the duration of this study. Out of the 530 and 
232 male and female participants who consented to partici-
pate and were provided with an iMG, data were collected 

Table 2   Results of the eight 
random sample logistic 
regression models that reached 
a final solution for the women’s 
game

Peak angular acceleration (PAA) is measured in krad⋅s−2, peak linear acceleration (PLA) is measured in 
g, and change in peak angular velocity (dPAV) is measured in rad⋅s−1. AUC represents the area under the 
receiver operator characteristic curve and is a measure of model accuracy
*Significant predictors (p > 0.05) are denoted

Constant PAA PLA dPAV AUC​

Model 1 0.000* 2.38 (0.76–7.45) 1.03 (0.96–1.10) 1.20 (0.91–1.60) 0.97 (0.94–1.00)
Model 2 0.000 33.04 (0.31–3509.62) 1.33 (0.92–1.92) 1.07 (0.66–1.75) 1.00 (0.99–1.00)
Model 3 0.000 129.43 (0.20–84130.34) 1.84 (0.85–3.98) 0.56 (0.24–1.31) 1.00 (0.99–1.00)
Model 4 0.000 13.13 (0.75–230.06) 1.39 (0.84–2.29) 0.73 (0.39–1.36) 1.00 (0.99–1.00)
Model 5 0.002* 1.65 (0.74–3.72) 1.12 (1.00–1.26) 0.97 (0.75–1.25) 0.98 (0.96–1.00)
Model 6 0.000 81.88 (0.11–58,555.78) 1.08 (0.89–1.31) 1.52 (0.64–3.60) 1.00 (0.99–1.00)
Model 7 0.001* 2.71 (0.96–7.60) 1.08 (0.97–1.20) 1.04 (0.80–1.36) 0.98 (0.96–1.00)
Model 8 0.000* 8.51 (1.23–58.66)* 1.03 (0.93–1.14) 1.24 (0.94–1.65) 0.99 (0.98–1.00)
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from 255 and 133 individual players, respectively. The chal-
lenges with player compliance may introduce a bias because 
those players who chose to wear the iMG may adopt differ-
ent behaviours compared with players who do not wear the 
device. The nature of this bias is uncertain.

The current study may not fully represent the various 
playing styles and conditions found in all levels of rugby 
worldwide. HIA kinematics may differ in other rugby 
cohorts, particularly in the adult and age-group amateur and 
community games.

The present study used peak resultant head kinematics 
but did not consider the directionality and temporal aspects 
(e.g. pulse duration) of the kinematic signals obtained from 
the iMG. Temporal and directional factors are likely cru-
cial in understanding injury risk and should be included in 
future work, particularly for the relationship between HAE 
kinematics and clinical outcomes. The kinematic signal 
processing was conducted by the Prevent system, similar to 
other commercially available iMG systems [15]. The kine-
matic signal processing utilised in the current study has been 
incorporated into validations of the Prevent iMG system [15] 
and is currently utilised in professional rugby. However, a 
common and agreed-upon signal processing approach for 
iMG systems, such as the HEADSport filter method, may be 
warranted [17, 24]. A common signal processing approach 
is important for future inter-study comparisons within and 
between sports, particularly if different iMG systems have 
been utilised [17].

As explained above, we have used HIA1 removal from 
play as the case for the present analyses, rather than con-
cussions, because we wished to assess the potential of the 
iMG as additive to this phase of the process rather than the 
diagnostic phases. In future studies, clinical outcomes from 
the entire HIA process will allow for the diagnostic perfor-
mance of the iMG for concussions to be assessed. However, 
we believe that it is appropriate for this study to evaluate 
the HIA1 cases because the premise of the iMG mandate by 
World Rugby is to use the iMG only as part of the criteria 
identifying players who require the HIA1 screen and not for 
diagnosis of concussion. This approach also enables a larger 
sample size for evaluation, and in the future, a combined 
approach that assesses the associations between HAE mag-
nitude and HIA1 indicators, as well as concussion outcomes, 
can be explored.

5 � Conclusions

PLA and dPAV were found to be predictive of men’s HIA1 
events in nine of ten random sample logistic regression mod-
els. Due to the low number of HIA1s within the women’s 
cohort, further HIA1 data are needed to understand the role 

of head kinematic variables within the women’s game. Only 
one model for women had any significant predictors, with 
PAA being predictive; however, it had large confidence 
intervals. The thresholds for both men and women present 
a starting point for further discussion about using iMGs as 
an addition to the HIA process and when removing a player 
for further screening and assessment may be appropriate.

6 � Policy Implications

The findings of this paper have informed the adoption of a 
World Rugby policy that includes iMG measurements in the 
HIA1 removal process in the elite game.
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