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Abstract
Background  In the realm of sports medicine, understanding the biomechanics of head impacts, particularly in contact sports 
such as rugby, is of utmost interest for injury prevention and player safety.
Objective  This systematic review and meta-analysis aims to consolidate existing knowledge on head impacts in rugby using 
wearable sensor technology, focusing on peak linear acceleration, peak rotational acceleration, and impact location.
Methods  A systematic search of electronic databases [PubMed, Web of Science (WOS), Scopus, Embase, SPORTDiscus, Psy-
cINFO, and CINAHL] was conducted in March 2024, including studies that assessed head impacts with wearable technology 
in rugby athletes. The search did not impose any restrictions on publication dates and included studies published in English and 
Spanish. A random-effects meta-analysis model was employed to combine comparable data from the included studies.
Results  The literature search yielded 13 prospective cohort studies, collectively analyzing 895 participants and 44,036 head 
impacts. Most studies were conducted in Australasia and North America, with varying levels of play represented, from junior 
to semi/professional and from both rugby codes, rugby union (RU) and rugby league (RL). Wearable sensors, including 
instrumented mouthguards and skin patches, were utilized to measure head impact kinematics, with peak linear acceleration 
consistently reported across all studies. Results reveal significant heterogeneity in peak linear and rotational acceleration, 
highlighting the complexity of quantifying impact magnitudes in rugby. Impact location analysis indicated side impacts as 
most prevalent (44%), followed by frontal (29%) and back impacts (19%). Notably, concussive events yielded a pooled peak 
linear acceleration estimate of 63.01 g, with the RL cohort exhibiting higher acceleration than RU.
Conclusion  This study contributes to the growing body of literature on head impacts in rugby; identifying available evidence 
on the magnitude and location of head impacts measured by sensors, and emphasizing the importance of wearable sensor 
technology in advancing player safety and informing injury management practices. Despite the valuable insights provided, 
limitations, including methodological inconsistencies and study heterogeneity, underscore the need for cautious interpreta-
tion. Further research is warranted to standardize protocols and enhance the understanding of effective injury prevention 
strategies in rugby. PROSPERO registration number: CRD42023480779 (20 November 2023).

Extended author information available on the last page of the article

1  Introduction

In recent years, the exploration of biomechanical aspects 
related to head impacts in sports, particularly in rugby, has 
gained considerable traction [1]. Central to this inquiry is 
understanding (and identifying potential ways to reduce) 
the number and severity of sports-related concussions 
(SRC), a prevalent and potentially serious form of trau-
matic brain injury [2]. SRC is defined as an injury caused by 

biomechanical forces, often from a direct blow to the head 
or body, resulting in an impulsive force being transmitted to 
the brain that occurs in sports and exercise-related activities. 
This initiates a neurotransmitter and metabolic cascade, with 
possible axonal injury, blood flow change, and inflamma-
tion affecting the brain. Symptoms and signs may present 
immediately or evolve over minutes or hours and commonly 
resolve within days but may be prolonged. No abnormality is 
seen in standard structural neuroimaging studies, but in the 
research setting, abnormalities may be present in functional, 
blood flow, or metabolic imaging studies [3]. Despite their 
prevalence, concussions present challenges in diagnosis, and 
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Key Points 

This systematic review aimed to identify the kinematics 
and locations of head impacts, along with concussive 
events, recorded by inertial sensors among rugby players 
from rugby union and rugby league.

Head impacts mean kinematics were 17.35 g (95% CI 
14.68–20.02 g) for rugby union peak linear acceleration 
and 25.19 g (95% CI 7.64–42.73 g) for rugby league, 
and 1259.51 rad/s2 (95% CI 1112.12–1406.91 rad/s2) for 
rugby union peak rotational acceleration.

Distribution of impact location was 44% on the side of 
the head (95% CI 28–60%), 29% on the front (95% CI 
22–37%), 19% on the back (95% CI 12–25%), and 7% on 
the top of the head (95% CI 1–13%).

Concussive events mean peak linear acceleration was 
63.01 g (95% CI 45.53–80.49 g).

The findings both synthesize and analyze existing 
literature, highlighting the importance of caution when 
interpreting the data. Considerations include limited 
literature availability, sensor technology variations, 
methodological differences, and the ongoing evolution of 
sensor technology.

measuring head impacts helps assess the risk of potential 
concussions and implement timely interventions when nec-
essary [3, 4].

The advent of wearable sensor technology, notably iner-
tial sensors, has driven a paradigm shift in the study of head 
impacts, offering unprecedented opportunities for data col-
lection and analysis [5]. Wearable sensors provide real-time 
data on motion and acceleration. They report impact bio-
mechanics through accelerometers and gyroscopes as peak 
linear acceleration (PLA) measured in gravitation (g), and 
peak rotational acceleration (PRA) measured in radians 
per second squared (rad/s2) [5]. This enables researchers to 
quantify and analyze the biomechanics of head impacts with 
greater precision than previously [6].

Sensors have been widely employed to measure head 
impacts in various sports and activities [7]. This technologi-
cal advancement holds immense promise for enhancing player 
safety and informing injury prevention strategies in contact 
sports such as rugby [8]. Notwithstanding, challenges persist 
in accurately assessing these impacts, for example, in their 
body placement, given that the placement of sensors on dif-
ferent parts of the body, through headbands, skin patches, or 
mouthguards, can lead to variations in the measured impact 
forces and directions [9]. Another challenge lies in the 
accuracy of the sensors themselves, with differing levels of 

precision, recording thresholds, and reliability among sen-
sor types [9, 10]. In addition, sensors may not fully capture 
the complexity of head movement during impact, primarily 
measuring kinematics from a location different to the head’s 
gravitational center. Consequently, adjustments are necessary 
to translate sensor data into approximations of head forces 
[11]. In that sense, video verification can be utilized along-
side inertial sensors to validate data accuracy and provide 
additional context for interpretation [12, 13]. This combined 
approach offers a more comprehensive understanding of head 
impact dynamics, reducing the likelihood of false positives 
and improving measurement accuracy [14].

Despite the challenges inherent in accurately assessing 
head impacts and the subsequent difficulty in integrating 
them, researchers have conducted high-quality systematic 
reviews and meta-analyses utilizing wearable sensor tech-
nology to analyze head impacts and acceleration forces in 
multiple sports, including American Football [15], soccer 
[16], and combat sports [17]. Studies of this nature have 
contributed valuable insights into injury mechanisms, risk 
factors, and patterns associated with head impacts, thereby 
informing injury prevention strategies and potential player 
safety protocols [18].

However, despite the wealth of research in other sports, 
the field of rugby has yet to benefit fully from similar 
investigations owing to the novelty of assessing head impacts 
through inertial sensor technology and its rapid expansion 
over the last 10 years [1]. This underscores the critical need 
for a systematic review and meta-analysis to consolidate 
existing knowledge and bridge the gap in research pertaining 
to rugby head impacts.

The proposed meta-analysis, guided by the population, 
intervention, comparator, and outcome(s) (PICO) frame-
work, seeks to address this gap by synthesizing and ana-
lyzing available literature on biomechanical insights from 
head impacts using sensor technology in rugby training or 
matches. By including observational studies encompassing 
participants of all ages and levels of play, this meta-analysis 
aims to provide a comprehensive understanding of head 
impact biomechanics across diverse rugby populations and 
an overview of the current state of knowledge in this field.

2 � Methods

This systematic review was conducted and reported in 
accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) guidelines [19], 
as well as the Meta-analysis Of Observational Studies in 
Epidemiology (MOOSE) reporting guidelines [20]. A pro-
tocol was registered on PROSPERO (registration number 
CRD42023480779) and is available for access at https://​

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=480779
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www.​crd.​york.​ac.​uk/​prosp​ero/​displ​ay_​record.​php?​Recor​
dID=​480779.

2.1 � Design

A systematic literature search was conducted up to March 
2024 with no date limitation on the following seven elec-
tronic databases: PubMed, Web of Science (WOS), Scopus, 
Embase, SPORTDiscus, PsycINFO, and CINAHL. The 
snowball method [21] was employed to ensure comprehen-
sive retrieval of all existing literature on rugby head impacts 
assessed with wearable sensors. Efforts were made to retrieve 
missing information by contacting authors directly via 
e-mail, requesting additional details or clarification of their 
studies. Piloting of the search strategy was supervised and 
collaboratively executed with an expert librarian in health 
sciences from the library of the Complutense University of 
Madrid incorporating both controlled and natural language 
strategies. For an illustration of our search strategy refer to 
Table 1, and for the full search string for all databases refer to 
the supplementary documents (Online Resource 1).

2.2 � Study Inclusion Criteria

Inclusion and exclusion criteria were established before the 
search process. Articles were included if written in either 
English or Spanish and if they focused on studying rugby 
players while utilizing wearables to measure head-impact 
mechanics. Exclusion criteria encompassed laboratory stud-
ies, review papers, or commentaries, as well as those involv-
ing non-rugby samples or accelerometers not tailored for 
impact assessment. In addition, studies without video veri-
fication were excluded to ensure data reliability. Rotational 
acceleration data from X2 patch devices were also excluded 

from the meta-analysis owing to reliability concerns. Fol-
lowing these criteria facilitated the compilation of in vivo 
studies to evaluate and present aggregated head-impact data.

After eliminating duplicates, search results underwent 
independent screening by two researchers (L.D.S. and 
P.G.F.) against the predefined eligibility criteria. Refer-
ences not eliminated by title or abstract were retrieved and 
independently assessed by full text for inclusion. Reviewers 
remained unblinded to the title or authors of publications, 
with discrepancies resolved through discussion or consul-
tation with a third researcher (R.M.L.). This process was 
performed using CADIMA online software (version 2.2.4.2 
[22], www.​cadima.​info) following the PRISMA flow dia-
gram. Reference lists of retrieved papers were manually 
searched for additional potentially eligible studies.

2.3 � Data Extraction

The data extraction process was conducted meticulously, 
with the main researcher responsible for extracting data 
from the included studies. A second investigator reviewed 
the extracted data (P.G.F.), ensuring their completeness and 
accuracy. Any discrepancies were resolved through consen-
sus between the two investigators, with a third investiga-
tor consulted if needed (R.M.L.). The data extraction sheet 
utilized for this process was based on the Cochrane form 
“Data collection form for intervention reviews for RCTs and 
non-RCTs—template,” ensuring standardized data collection 
across all studies.

The primary data sought from the articles included in 
this meta-analysis revolved around several key variables 
crucial for understanding head impacts in rugby players. Of 
utmost importance were the recorded head impact metrics, 

Table 1   PubMed search string

Conducted (10 March 2024)

Search strategy Natural, MeSH terms, and applied equations

No. 1 “rugby, union play” OR “play rugby, union” OR “union play rugbies” OR “union play rugby” OR “rugby, league 
play” OR “league play rugby” OR “play rugby, league” OR “rugby union” OR “rugby”/exp OR “rugby”

No. 2 “athletic injuries” OR “concussion” OR “sports concussion” OR “sports-related concussion” OR “brain 
concussion” OR “brain injury” OR “brain injuries” OR “mild traumatic brain injury” OR “mtbi” OR “traumatic 
brain injury” OR “tbi” OR “craniocerebral trauma” OR “head injury” OR “brain damage” OR “athlet* injuri*” OR 
(“athlet*” AND “statistics”) OR (“athlet*” AND “numerical data”) OR (“athlet* injur*” AND “epidemiology”) 
OR (“athlet* injur*” AND “etiology”) OR (“athlet* injur*” AND “control”)

No. 3 “head acceleration*” OR “accelerometer” OR “gyroscope” OR “wearable sensor*” OR “wearable head 
sensor” OR “instrumented mouthguard” OR “headgear” OR “instrumented headgear” OR “instrumented 
helmet” OR “instrumented skin patch”

No. 4 No. 1 AND no. 2 AND no. 3
No. 5 “rugby”/exp AND “brain concussion”/exp AND “biomechanics”/exp AND “apparatus and instruments”/exp
No. 6 No. 4 OR no. 5
Total retrieved = 228

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=480779
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=480779
http://www.cadima.info
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specifically PLA and PRA, as these parameters offer insights 
into the magnitude and directionality of impacts experienced 
by players during both practice and game sessions. In addi-
tion, information regarding the location of head impacts was 
crucial to delineate the anatomical regions most vulnerable 
to injury. Other sought-after data encompassed details about 
the wearable sensors employed, including brand, place-
ment location on the body, and the kinematic components 
measured. Furthermore, data related to study characteristics 
such as the sport code, whether rugby union (RU) or rugby 
league (RL), participant demographics, study design, and 
outcome measures, were sought to ensure a comprehensive 
understanding of the research landscape pertaining to head 
impacts in rugby.

The main units of analysis, as presented by the authors of 
the included studies, were extracted and recorded in the data 
extraction sheet. These units of analysis were then unified to 
facilitate comparability across studies into mean and stand-
ard deviation [23]. Effect sizes and standard errors were 
calculated following procedures outlined in the Cochrane 
Handbook, ensuring accurate estimation for meta-analysis 
[24]. Data exclusively presented in graphical format were 
extracted through digitization using WebPlotDigitizer [25]. 
Overall, the data extraction process was conducted rigor-
ously, facilitating data synthesis and analysis to address the 
research questions effectively.

2.4 � Risk of Bias and Publication Bias Assessment

Evaluating the risk of bias in prospective observational 
cohort studies is challenging due to the limited availability 
of validated and reliable assessment tools [26, 27]. However, 
the Newcastle–Ottawa Scale (NOS) is widely utilized as 
the most common tool for this purpose [26, 27]. The NOS 
quality assessment scale adapted for cross-sectional studies 
was used to evaluate the studies included in this review 
(Online Resource 2), The assessment relies on a star-based 
rating system, where each study can receive a maximum 
of nine stars, out of the following three main domains: 
selection of study group, comparability within sample, and 
ascertainment of the outcome [28, 29]. Quality evaluation 
was conducted independently by two authors, with any 
discrepancies resolved by a third author.

Selection models were used to assess publication bias in 
our meta-analysis. Classical methods, including Egger’s test 
and trim-and-fill, are commonly employed but have notable 
limitations, particularly in scenarios of heterogeneous 
effect sizes [30]. Selection models offer a more realistic 
perspective by assuming that publication bias favors 
statistically significant results and directly accommodating 
effect heterogeneity [30]. This decision underscores 

our commitment to robust reporting practices and the 
incorporation of methodologically sound approaches. 
Therefore, it was calculated using the Vevea and Hedges 
Weight-Function Model for Publication Bias [31].

2.5 � Statistical Analysis

The data were presented as mean values along with 
corresponding standard deviations. Calculations and 
analysis were conducted using the SPSS software (version 
30.0.0.0), generating pooled means with 95% confidence 
intervals for collision dose among groups and subgroups 
with comparable data extracted from at least two similar 
studies. Information provided from different cohorts 
within the same study was considered as data derived from 
individual studies [32]. Meta-analysis was not performed 
when there were insufficient data for comparisons between 
studies within a particular group or subgroup. Studies were 
selected for inclusion if they reported data with their effect 
size, ensuring consistency across the analyses. The variables 
included in the meta-analysis were PLA, PRA, concussion 
PLA, and head-impact location. The I2 statistic, utilized to 
assess inconsistency and variation, was employed to evaluate 
heterogeneity, with values below 25% indicating minor, 
between 25 and 50% moderate, and above 75% substantial 
heterogeneity [33]. Given the considerable heterogeneity 
observed among studies, a random effects model was 
employed, utilizing the Hartung–Knapp–Sidik–Jonkman 
(HKSJ) method [34].

To systematically address heterogeneity in meta-anal-
yses, we propose a two-step approach. First, analyze each 
potential moderator variable individually to assess its con-
tribution to the total heterogeneity (using metrics such as 
the proportion of variance explained, R2; the variables 
assessed in this study included rugby code, acceleration 
threshold, brand and type of technology, year conducted, 
age of participants, level of play, and sex of participants). 
Second, combine the variables that individually account 
for the highest percentages of heterogeneity in a multivari-
able meta-regression model. Subgroup analyses will only 
be conducted if a substantial modifier of heterogeneity is 
detected, defined as a variable explaining at least 50% of 
the heterogeneity. This approach prioritizes variables with 
the most substantial influence and evaluates the combined 
explanatory power to identify the optimal model for reduc-
ing heterogeneity [35]. Such a standardized methodology 
ensures rigor, reproducibility, and transparency in the 
meta-regression process [36].
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3 � Results

3.1 � Identification and Selection of Studies

A total of 596 studies were retrieved through the search strat-
egy. These studies underwent the screening process (Fig. 1), 
resulting in 13 articles relevant to the research question that 
met the predefined inclusion criteria and were identified as 
suitable for further assessment.

3.2 � Study Characteristics

All 13 included studies are prospective cohort observational 
studies [37–49], collectively analyzing a total of 895 
participants and 44,036 head impacts. All were conducted 
in Australasia and the Anglophone world, of which six 
studies (46.1%) were conducted in Oceania (Australia, New 
Zealand), four (30.7%) in Europe (UK), and the remaining 
three (23%) in North America (USA). Of the 13 studies 
identified, approximately 84% (11 out of 13) were published 

within the last 5 years, between 2020 and the present. This 
indicates a recent surge in research activity in the field of 
head impacts, potentially reflecting increasing awareness 
and interest in the topic. Furthermore, the fact that all of 
the articles were published within the last 10 years suggests 
a relatively recent focus on this area of study. The majority 
of the studies involved RU (77%), while the remaining 
focused on RL (23%). Within these studies athletes from 
junior (15.3%), college (30.7%), amateur (23%), and semi/
professional (38.4%) levels were included. Overall, 61.5% of 
the studies only reported for matches, while the remaining 
30.7% reported for trainings and matches. Individualized 
demographic details are summarized in Table 2.

Kinematics for head impacts were measured in studies 
by instrumented mouthguards (iMGs) (69.2%), intelligent 
headbands (15.3%), and skin patches (15.3%). Each included 
study reported PLA. Nevertheless, rotational forces were 
reported as PRA in nine studies (69.2%) and only as peak 
rotational velocity in three (23%), while the remaining study 
did not report on rotational forces (7.6%). Impact location 
on the head was reported in 46.1% of the studies. Regarding 

Fig. 1   Flowchart showing the article selection process conducted by this review
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concussions, a total of 18 concussive impacts were collected 
in this review, 30.7% of the studies reporting kinematics for 
concussive impacts, and one providing incomplete data due 
to difficulties with collection [43–48]. Only 30.7% of the 
studies reported kinematics according to head impacts by 
player position (individual data for wearable devices and 
kinematics are presented in Tables 3 and 4, respectively).

3.3 � Quality Assessment

The methodological quality of the included studies was fair 
to good; scores ranged from 4 to 8 on the total 9-item scale 
(Table 5). The inclusion criteria and the nature of this study 
already screened for a certain baseline quality. Consider-
ing that the ascertainment of head impacts is measured by 
validated instruments in all the included studies, and data 
collection is automatically processed and even video veri-
fied in some of the cases, these directly resulted in a “fair” 
quality baseline in NOS. Items that were rarely scored were 
related to sample selection.

3.4 � Head Impacts—Peak Linear Acceleration

PLA emerged as the most frequently reported variable across 
all included studies, with each study providing data on this 
metric. Despite the consistency in reporting, a substantial 
degree of heterogeneity was observed in the pooled analysis, 
as indicated by the I2 statistic. To address this variability, we 
conducted a meta-regression analysis to identify the primary 
factor contributing to the observed heterogeneity within our 
dataset.

Our analysis revealed that the wearable brand and the 
recording threshold reported in the included studies were 
significant determinants of variability, each explaining a 
substantial 82% of the observed heterogeneity (R2 = 0.82). 
The “type of sensor” emerged as the second most significant 
moderator, accounting for 76.3% (R2 = 0.76), followed by the 
year of the study resulting in 67% (R2 = 0.67). When com-
bining these variables in a multivariate model, the predictors 
“year” and “brand” together accounted for 91.8% (R2 = 91.8) 
of the heterogeneity, with residual heterogeneity estimated 
at τ2 = 5.01.

To complement this, the subgroup analysis stratified the 
dataset by rugby code (RU versus RL) owing to its practical 
relevance, despite explaining only 7% of the overall hetero-
geneity. This approach provided a more detailed examination 
of how these moderating variables influenced the pooled 
PLA results. For RU, the pooled PLA was 17.35 g (95% 
CI 14.68–20.02 g), while for RL, it was 25.19 g (95% CI 
7.64–42.73 g). When combined, the pooled PLA across 
both rugby codes was 18.32 g (95% CI 15.18–21.46 g). The 
forest plot and extended results are presented in Fig. 2. A 

supplementary document (Online Resource 3) is available 
to facilitate the interpretation of the forest plot.

The subgroup analysis revealed distinct PLA estimates 
for different recording thresholds: for a threshold of 5 
g, the meta-analysis showed a PLA of 12.91 g (95% CI 
11.58–14.24 g); whereas for a threshold of 20 g or more, 
the PLA was 34.14 g (95% CI 33.15–35.13 g). Regarding 
brands, Prevent Biometrics® reported the lowest pooled 
PLA, with an estimate of 12.91 g (95% CI 11.58–14.24 g). 
In contrast, the Triax Technologies, Inc. subgroup showed 
significantly higher overall results, with a pooled PLA of 
30.90 g (95% CI 28.98–32.82 g). A detailed summary of 
these subgroup analyses is presented in Table 6.

3.5 � Head Impacts—Peak Rotational Acceleration

Regarding rotational forces, PRA was a key variable ana-
lyzed in this study. Despite the inclusion of various studies, 
substantial heterogeneity was observed with an I2 = 0.99 in 
the pooled analysis. A meta-regression analysis was con-
ducted, focusing on understanding the factors contributing 
to the observed high level of heterogeneity. The analysis 
revealed that the brand of the inertial sensor used in the 
studies was the most influential variable, explaining 20% 
of the observed heterogeneity (R2 = 0.201), followed by the 
level of play, which accounted for 14% (R2 = 0.141). Upon 
further investigation, a meta-regression model combining 
these variables explained only 45% of the heterogeneity, 
which was deemed insufficient to justify subgrouping by 
these variables. Subsequently, a practical subgrouping by 
rugby code was performed, yielding a combined PRA of 
1221.89 rad/s2 (95% CI 1065.08–1378.70 rad/s2). How-
ever, as the RL subgroup contained only one report (Tooby 
et al. [47]; PRA of 625 rad/s2; 95% CI 617.98–632.02 rad/
s2), it was excluded from the forest plot, focusing instead 
on RU results. Despite the observed heterogeneity, the 
meta-analysis produced a pooled PRA estimate of 1259.51 
rad/s2 (95% CI 1112.12–1406.91 rad/s2) for RU. The forest 
plot and extended results are shown in Fig. 3.

3.6 � Impact Location on Head

Head impact location was another critical variable 
analyzed in this study. A proportion meta-analysis was 
conducted using the raw distribution reported in six 
studies to determine the prevalence of head impacts across 
different locations.

Meta-analysis with practical subgrouping by rugby code 
revealed that side impacts accounted for the majority of 
head impacts, comprising 38% of all reported incidents 
for RU (proportion = 0.38, 95% CI 0.25–0.50) and 58% for 
RL (proportion = 0.58, 95% CI 0.16–1.00). Frontal impacts 
were also prevalent, constituting 31% of head impacts in 
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RU (proportion = 0.31, 95% CI 0.27–0.35) and 24% in RL 
(proportion = 0.24, 95% CI 0.01–0.46). Back impacts were 
less frequent, representing 21% of all reported head impacts 
in RU (proportion = 0.21, 95% CI 0.13–0.28) and 15% in 
RL (proportion = 0.15, 95% CI 0.00–0.30), while impacts 
on the top of the head remained the least common, compris-
ing only 9% of reported incidents in RU (proportion = 0.09, 
95% CI 0.01–0.18) and 4% in RL (proportion = 0.04, 95% 
CI 0.01–0.08).

To provide a unified perspective on rugby as a contact 
sport, a pooled analysis was conducted to combine data from 
both codes. This approach emphasizes the overall preva-
lence of head impacts in rugby, underscoring its inherent 
risk profile while allowing for detailed discussions about 
code-specific variations. Results are visually presented in 
the forest plot and extended in Fig. 4.

3.7 � Concussive Impacts

The analysis of concussive events constituted a significant 
aspect of this study, with data extracted from four studies 
focusing on the kinematics of these events. Pooling the data 
from a total of 18 concussive events, a meta-analysis was 
conducted with moderate heterogeneity observed in the 
pooled analysis, with an I2 value of 60%.

The subgroup analysis revealed distinct PLA estimates for 
different rugby codes. RU cohorts exhibited a PLA of 55.98 
g (95% CI 34.75–77.20 g), while the RL subgroup, repre-
sented by only one cohort, reported a PLA of 76 g (95% CI 
62.52–89.48 g). The combined pooled data showed a PLA 
of 63.01 g (95% CI 45.53–80.49 g). The forest plot presents 
results exclusively for RU owing to the exclusion of the RL 
cohort, with extended results presented in Fig. 5.

4 � Discussion

This study represents a seminal systematic review, incor-
porating meta-analyses, to measure both the intensity and 
sites of head impacts endured by rugby athletes utilizing 
wearable technology. Unlike previous reviews by King et al. 
[10], which encompassed laboratory investigations, as well 
as studies by Nguyen et al. [7] and Brennan et al. [8], which 
encompassed a variety of sports, this systematic review 
exclusively concentrated on real-world impacts occurring 
specifically within rugby.

The results suggested no evidence of publication bias 
across the included analyses. Specifically, the Vevea and 
Hedges Weight-Function Model for Publication Bias 
reported a p-value of 0.41 for PLA, indicating no significant 
bias. Similarly, for PRA, the p value was 0.98, indicating 
no substantial evidence of bias. In addition, in concussive 

events analysis, the p value was 0.98, further supporting the 
absence of publication bias.

The observed heterogeneity in our meta-analysis 
underscores the complexity inherent in quantifying the 
magnitude and location of head impacts across various 
studies in rugby. Factors contributing to this heterogeneity 
include differences in study populations and methodological 
approaches utilized across the included studies. While our 
meta-analysis aimed to provide a comprehensive overview 
of head impact characteristics in rugby, the substantial 
heterogeneity observed highlights the need for cautious 
interpretation of the aggregated results.

The subgroup analysis highlighted notable differences in 
PLA between RL and RU, reflecting the distinct gameplay 
dynamics of each code. RL reported a higher pooled PLA 
of 25.19 g (95% CI 7.64–42.73 g) compared with 17.35 g 
(95% CI 14.68–20.02 g) for RU. This discrepancy may stem 
from the distinct gameplay demands, as tackles and player 
interactions differ significantly, driven by the structural and 
tactical distinctions between these rugby codes [50, 51]. In 
RL, a deeper defensive line results in higher-speed collisions, 
concentrating impacts among forwards who frequently engage 
in high-momentum tackles [50]. In contrast, RU’s prolonged 
phases of play, featuring rucks, mauls, and open-field running, 
distribute impacts across a wider range of intensities [51]. 
These differences reflect how gameplay structure influences 
head-impact severity in each rugby code.

The variability in PLA for RL (95% CI 7.64–42.73 g) com-
pared with RU (95% CI 14.68–20.02 g) also underscores the 
impact of limited data in RL, with fewer cohorts contributing 
to the analysis. This variability highlights the need for further 
studies to enhance the precision of estimates for RL and to 
better understand its specific head impact profile.

This study revealed distinct trends in head impact metrics 
across different recording thresholds. For instance, at a 5 
g acceleration threshold, the estimated mean incidence of 
head impacts was 12.91 g (95% CI 11.58–14.24 g), whereas, 
at a 20 g force threshold, the mean incidence increased to 
34.14 g (95% CI 33.15–35.13 g). These findings align with 
previous research highlighting the threshold dependence of 
head impact metrics, where higher thresholds tend to under-
estimate incidence, while lower thresholds may underesti-
mate impact severity [10]. These findings provide valuable 
insights into the impact of different recording thresholds on 
PLA measurements and underscore the importance of con-
sidering this factor in future studies and clinical practice. A 
recent study underscores the need to be cautious about this 
underestimation of head impact exposure, more specifically 
referring to iMGs research [52].

When analyzing the subgrouping results in Table 6, it is 
evident that the brand aligns closely with the sensor type. 
However, it is logical that brand plays a more decisive role 
in explaining heterogeneity, as differences within the type of 
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Table 4   Studies’ individual reports on kinematics

F female, M male, N/R not reported, PLA peak linear acceleration, PRA peak rotational acceleration, RC rugby code, RL rugby league, RU rugby 
union, S senior, SD standard deviation, U13 under 13, U15 under 15; U19 under 19

Study RC No injury (Mean ± SD) No. concussions Injury 
(mean ± SD)

PLA (g) PRA (rad/s2) PLA (g)

Training Game Training Game

Bussey et al. [37] RU 12.9 ± 2.3 (U13) 
12.05 ± 2.35 
(U15) 12.6 ± 2.7 
(U19) 12.1 ± 2.8 
(S)

11.81 ± 2.38 
(U13) 
13.42 ± 3.73 
(U15) 
13.36 ± 3.59 
(U19) 
13.4 ± 6.15 (S)

1626.29 ± 849.3 
(U13) 
1534.99 ± 984.06 
(U15) 
1181.57 ± 1025.93 
(U19) 
1119.98 ± 836.59 
(S)

1334.97 ± 585.12 
(U13) 
1167.31 ± 799.89 
(U15) 
975.63 ± 945.25 
(U19) 
849.22 ± 734.46 
(S)

N/R –

Bussey et al. [38] RU – 17.1 ± 9.4 – 1329.1 ± 684.6 N/R –
Carey et al. [39] RL – 34.2 ± 18.0 – – 6 76 ± 16.9
Carey et al. [40] RL – 34.1 ± 16.1 – – – –
Chan et al. [41] – 18.8 ± 14.3 – 1592.9 ± 1368.8 – –
Field et al. [42] RU – 23.05 ± 5.26 – 1835.62 ± 461.17 – –
Kieffer et al. [43] RU – 15.3 ± 28 (F), 

14.6 ± 22.3 (M)
– – 6 64.1 ± 30.2

King et al. [44] RU – 22.2 ± 16.2 – 3902.9 ± 3948.8 2 74.8 ± 28.2
Langevin et al. 

[45]
RU 29.9 ± 2.1 31.9 ± 2.6 – – 4 39.8 ± 20.7

Manning et al. 
[46]

RU 25.9 ± 3.4 22.9 ± 2.4 1445.6 ± 409.21 1309.18 ± 276.92 – –

Tooby et al. [47] RL – 7.3 ± 1.3 – 625 ± 144.3 – –
Waldron et al. 

[48]
RU – 16.80 ± 2.79 – 1224.09 ± 436.15 – –

Williams et al. 
[49]

RU – 11.6 ± 6.8 (F), 
12.5 ± 6 (M)

– 800.2 ± 524.4 (F), 
849.4 ± 432.3 (M)

– –

Table 5   Studies’ resultant 
scores on the Newcastle–Ottawa 
scale

Study Selection (5 max) Comparability 
(1 max.)

Exposure (3 max.) Total (interpretation)

Bussey et al. [37] ✔ ✔ ✔✔✔ 7/9 (“Good”)
Bussey et al. [38] ✔✔✔ ✔ ✔✔✔ 7/9 (“Good”)
Carey et al. [39] ✔✔ ✔ ✔✔ 5/9 (“Fair”)
Carey et al. [40] ✔✔✔✔ ✔✔ 6/9 (“Fair”)
Chan et al. [41] ✔✔ ✔✔ 4/9 (“Fair”)
Field et al. [42] ✔✔ ✔ ✔✔✔ 6/9 (“Fair”)
Kieffer et al. [43] ✔✔✔ ✔ ✔✔ 6/9 (“Fair”)
King et al. [44] ✔✔ ✔ ✔✔✔ 6/9 (“Fair”)
Langevin et al. [45] ✔✔ ✔✔ 4/9 (“Fair”)
Manning et al. [46] ✔✔✔✔ ✔ ✔✔✔ 8/9 (“Good”)
Tooby et al. [47] ✔✔ ✔ ✔✔✔ 6/9 (“Fair”)
Waldron et al. [48] ✔✔ ✔ ✔✔✔ 6/9 (“Fair”)
Williams et al. [49] ✔✔ ✔ ✔✔✔ 6/9 (“Fair”)
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sensor can often be attributed to variations between brands. 
This highlights the importance of examining the feasibility 
and characteristics of the included sensor brands, as these 
factors can significantly influence the outcomes and inter-
pretations of the data.

Studies reported for Prevent Biometrics iMGs an on-
field positive predictive value (PPV) for the boil and bite 
model of 81.6% (95% CI 75.5–87.8%) [5] and 89% (95% CI 
87.0–92.0%) for the custom fit [53]. Conversely, the X2Bio-
systems skin patch yielded an on-field PPV of 16.3% (95% 
CI 15.5–17.0%) [5], while the HitIQ iMGs showed 92.4% 
[42]. Studies for Protecht iMGs have not addressed true/
false positive impacts. However, this technology seems valid 
for on-field use when verified by video [54]. Furthermore, 
strong agreement was observed in laboratory tests (con-
cordance correlation coefficient = 0.90) and on-field assess-
ments (concordance correlation coefficient = 0.97) when 
compared with an anthropomorphic test device (ATD) [54, 
55]. Regarding Artaflex technology, in a laboratory-based 
study, which compared it with ATD, it accurately predicted 
PLA and PRA if a correction algorithm was used [56]. 
Otherwise, it tended to overestimate PLA at the center of 
mass of the head by an average of 47% and the error in the 
PRA determined by the algorithm was less than 10% [56]. 

While the brand of the inertial sensor plays a substantial 
role, considering advancements in sensor technology over 
time in conjunction with the brand provides an even more 
comprehensive understanding of our results. As sensors 
become more integrated, comfortable, and user-friendly, 
there has been a growing need for a smooth monitoring 
experience in both sport and clinical settings [57]. These 
findings provide valuable insights into the variation in rota-
tional acceleration measurements across different sensor 
brands and underscore the importance of considering sen-
sor characteristics in future research and clinical practice. 
Moreover, it is important to highlight that there is currently 
no standardized signal processing approach for the various 
iMGs. This lack of standardization can lead to variability 
in kinematic results, particularly during field use, as some 
systems may produce significantly higher head kinematic 
values than others [53]. The ongoing rapid advancements 
in hardware, firmware, and data-processing algorithms to 
improve the validity of kinematic data pose additional chal-
lenges for researchers and practitioners. Frequent updates 
to proprietary algorithms, often lacking independent valida-
tion, further complicate the comparability and consistency 
of results. A potential approach to mitigate these challenges 
is suggested by Tierney et al., who propose standardized 

Fig. 2   Peak linear acceleration of rugby head impact meta-analysis, subgrouped by rugby union and rugby league
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frameworks for algorithm validation and enhanced transpar-
ency in data processing methodologies [58].

Furthermore, our analysis underscores the importance of 
considering clinical relevance and context when interpret-
ing head impact data. Understanding which aspects of head 
impacts are of greatest interest, such as the total number 
of impacts or the severity of higher impacts, is crucial for 
informing study design and subsequent clinical decisions. 
Recent publications have highlighted, through animal mod-
els, the cumulative effects of repeated head impacts at inten-
sities insufficient to cause concussion. These studies dem-
onstrated alterations in the blood–brain barrier, changes in 
neuronal metabolism, neuroinflammation, and deposits of 
tau protein [59]. A recently published review also observed 
anatomical changes in amateur athletes following repeated 
head impacts at sub-concussive intensities [60]. These struc-
tural changes appear to be more closely associated with the 
cumulative effect of impacts rather than a single event, 
underscoring the importance of incorporating the cumula-
tive incidence of impacts into study designs.

Moreover, the recommendation by  King et al. to use 
median instead of mean statistics for a more accurate 
representation of central tendency [10] deserves attention. 
The predominance of median statistics (9 out of 13 studies) 
in our meta-analysis suggests that the pooled data are robust 
and suitable for further analysis, despite the heterogeneity 
introduced by varying recording thresholds.

In comparing the combined two rugby code PLA values, 
our study yielded a pooled estimate of 18.32 g (95% CI 
15.18–21.46 g), which is lower than the values reported in 
two other studies [7, 61]. Exploring our findings suggests 
that rugby impacts involve lower linear forces compared with 
both American Football 25.43 g (95% CI 19.18–31.69 g) [7] 
and mixed sports 22.89 g (95% CI 20.69–25.08 g) [61]. The 
focus on a single sport provides a structured framework for 
assessing impact magnitudes, yet the inherent variability 
within our dataset (emerging from differences in sensors), 
variations between RU and RL, and the inclusion of distinct 
cohorts, emphasizes the need for cautious interpretation. 
Nevertheless, by analyzing these differences, we can better 
understand the variations in impact forces across different 
sports. Despite variations in concussion frequency reported 
across different levels of play in rugby [62], it remains 
unclear whether biomechanical variables, such as PLA, 
differ significantly across these levels. Given the increased 
intensity and physical demands observed in higher-level play 
[62], we conducted a post hoc statistical analysis to assess 
whether PLA varied significantly across levels of play. The 
analysis revealed no significant differences (p = 0.575), 
supporting the observation that head impact magnitudes 
are relatively consistent across subgroups. In addition, when 
assessed as a modifying variable, PLA accounted for no 
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Fig. 3   Peak rotational acceleration of rugby head-impact meta-analysis in rugby union reports

Fig. 4   Head-impact location proportion meta-analysis (front, side, back, and top)
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more than 15% of the heterogeneity, reinforcing its limited 
role in explaining variation. Contrary to expectations, these 
findings suggest the magnitude of head impacts does not 
vary considerably between different levels of play. Further 
studies are warranted to confirm these findings and explore 
potential factors contributing to head-impact severity across 
different levels of play. This is consistent with the findings of 
Broglio et al., who observed similar results when assessing 
head impact severity across various levels of American 
Football competition [63].

Examining non-concussive PRA in the RU code, our 
study yielded a pooled estimate of 1259.51 rad/s2 (95% 
CI 1112.12–1406.91 rad/s2). Interestingly, this estimate is 
comparable to that reported in the study on mixed sports 
(1290.13 rad/s2, 95% CI 1050.71–1529.55 rad/s2) [61], 
suggesting that rugby impacts may involve similar or slightly 
less intense rotational forces than those experienced in a 
mixed sports setting. However, our PRA estimate in rugby 
remains lower than the reported estimate for game-related 
American Football head impacts [7]. Moreover, the resulting 
differences might be due to discrepancies in assessing 
impacts within the included sensors and their development 
through the years.

Transitioning to concussive impacts, despite excluding 
the RL cohort from the forest plot, the pooled data were 
included to offer a broader perspective on rugby as a whole. 
This approach provides a unified framework for comparing 
rugby impacts with those of other contact sports, many of 
which aggregate data across disciplines. By integrating both 
pooled and code-specific estimates, the analysis highlights 
rugby’s unique impact dynamics while facilitating meaning-
ful cross-sport comparisons. It is worth noting that the RL 
cohort consisted of female players, while RU cohorts were 
male, reflecting both rugby code and sex-based subgrouping.

The subgroup analysis revealed distinct PLA estimates 
for different rugby codes. RU cohorts exhibited a PLA of 

55.98 g (95% CI 34.75–77.20 g), while the RL subgroup, 
represented by only one cohort, reported a PLA of 76 g (95% 
CI 62.52–89.48 g). The combined pooled data showed a PLA 
of 63.01 g (95% CI 45.53–80.49 g). This outcome contrasts 
with previous observations in male participants from mixed 
sports backgrounds, where higher PLA estimates were 
documented. For instance, Brennan et al. [8] documented a 
PLA of 98.68 g (95% CI 82.36–115.00 g), while Sundaram 
et al. [61] reported a PLA of 85.56 g (95% CI 69.34–101.79 
g) within similar male mixed sports cohorts. This implies 
potential disparities in the characteristics and intensity of 
concussive impacts between rugby-specific and mixed sports 
settings. While the exact reasons for these discrepancies 
remain speculative, they may stem from variations in playing 
style, rule enforcement, or protective equipment usage across 
different sports. Unfortunately, data specific to concussive 
events in rugby were insufficient for rotational acceleration 
comparison. These findings underscore the importance of 
considering sex-based and rugby code differences in head 
impact kinematics and their potential implications for 
concussion risk and management.

Overall, while our findings indicate some similarities in 
impact magnitudes across sports, particularly in linear accel-
eration, significant variations exist, especially in the context 
of concussive events. It is crucial to acknowledge that our 
results, while suggestive, do not provide a comprehensive 
understanding owing to the relatively low number of concus-
sions assessed. Therefore, further research with larger sam-
ple sizes and comprehensive concussion data is imperative 
to draw more robust conclusions regarding the comparative 
impact magnitudes across different sports.

This meta-analysis provides valuable insights into the 
distribution of head impacts in rugby, shedding light on 
the location and frequency of these incidents. Interestingly, 
our findings reveal distinct patterns in head impact location 
within the rugby context, differentiating between its own 

Fig. 5   Concussive impacts meta-analysis of rugby union reports
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codes. This probably stems from the aforementioned distinc-
tions in gameplay dynamics, with RL’s structured tackles 
emphasizing lateral impacts and RU’s rucks and mauls dis-
tributing impacts more broadly [51].

The combined rugby code pooled data on head-impact 
locations provide a broader perspective on the sport’s overall 
risk profile. Comparing this with a similar contact sport, 
such as American Football, is valuable for understanding 
the shared biomechanical challenges inherent in high-
impact sports. Our analysis revealed that the distribution 
of head impact locations in rugby is remarkably similar to 
that observed in American Football, despite differences in 
equipment and gameplay techniques. Side impacts emerged 
as the most common in both sports, followed by frontal and 
back impacts, while impacts on the top of the head remained 
the least frequent. These slight variations in proportions 
are 44% versus 45% for side impacts, 29% versus 26% for 
frontal impacts, 19% versus 20% for back impacts, and 7% 
versus 5% for top impacts. This underscores the shared bio-
mechanical challenges inherent in high-impact sports. Such 
similarities highlight the importance of cross-sport compari-
sons in understanding head impact dynamics and developing 
broader injury prevention strategies that account for both 
gameplay and equipment differences.

Nevertheless, comparing these findings with the avail-
able literature on American Football, particularly a study 
focusing on youth athletes, reveals notable differences in the 
distribution of head impacts [64]. While the front of the hel-
met is reported in the literature as the most common impact 
location, accounting for 31–52% of total head impacts, our 
findings do not align with this observation. However, the lit-
erature agrees that, in American Football, impacts on the top 
of the helmet are typically the least common, stating a range 
of 5.5–18% of head impacts [64]. Further research may be 
warranted to explore the factors contributing to variations 
in impact location and their potential implications for player 
safety and performance.

It is important to highlight that our study represents the 
first attempt to pool and analyze data specifically on head 
impact location in rugby using wearable technology. Under-
standing the distribution of head impacts across different 
locations is clinically significant for several reasons. Firstly, 
it provides valuable insights into injury prevention strate-
gies tailored to the specific demands of rugby. Secondly, it 
enhances our understanding of the biomechanics of head 
impacts in the sport, potentially informing the development 
of improved protective equipment. Lastly, it underscores the 
importance of future research efforts to explore head impact 
location in various contact sports comprehensively.

4.1 � Limitations

The main limitation of our study is the heterogeneity present 
in the existing studies. The variability in the technologies 
used to measure head impacts across studies introduces 
inconsistency, and challenges comparability. Despite our 
thorough search, the scarcity of relevant literature limits the 
breadth and depth of our analysis. The field of wearable 
head-impact assessment, particularly in rugby players, is 
relatively novel, leading to a lack of standardized protocols 
and methodologies. The absence of established guidelines 
may have contributed to inconsistencies in data reporting. 
Rugby head impacts involve dynamic and multifaceted 
forces that are difficult to standardize, influenced by player 
variables and environmental factors.

These limitations highlight the need for future research 
to address methodological inconsistencies, expand the 
available literature, and enhance standardization in head 
impact assessment protocols.

5 � Conclusion

In summary, this meta-analysis provides valuable insights 
into the biomechanics of head impacts in rugby, leveraging 
wearable sensor technology. Findings indicate significant 
variability in PLA and PRA, with PLA averaging 17.35 g 
for RU and 25.19 g for RL, and PRA reaching 1633.48 rad/s2 
in RU cohorts. Impact location analysis reveals side impacts 
as the most prevalent (44%), followed by frontal (29%), back 
(19%), and top impacts (7%). Despite these findings, the 
study’s interpretation is constrained by methodological 
heterogeneity across studies. Future research should 
prioritize standardized protocols and cumulative impact 
analysis to advance head injury prevention strategies in 
rugby.
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