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Abstract

Background Concussion is common in the sporting arena
and is often challenging to diagnose. The development of
wearable head impact measurement systems has enabled
measurement of head kinematics in contact sports.
Objectives The objective of this systematic review was to
determine the characteristics of head kinematics measured
by an accelerometer system among male athletes diagnosed
with concussion.

Methods A systematic search was conducted in July 2015.
Inclusion criteria were English-language studies published
after 1990 with a study population of male athletes, in any
sport, where objectively measured biomechanical forces
were reported in the setting of a concussive event. The
random effects meta-analysis model was used to combine
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estimates of biomechanical force measurements in con-
cussed athletes.

Results Thirteen studies met the inclusion criteria, the
majority of which were conducted with high school and
college football teams in the US. Included studies mea-
sured a combination of linear and rotational acceleration.
The meta-analysed mean peak linear head acceleration
associated with a concussive episode was 98.68 g (95 % CI
82.36-115.00) and mean peak rotational head acceleration
was 5776.60 rads/s> (95 % CI 4583.53-6969.67). The
estimates of the biomechanical forces were consistent
across studies, with I values of 0% for both meta-
analyses.

Conclusions Head impact monitoring through accelerome-
tery has been shown to be useful with regard to characterising
the kinematic load to the head associated with concussion.
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Future research with improved clinical outcome measures
and head kinematic data may improve accuracy when eval-
uating concussion, and may assist with both interpretation of
biomechanical data and the development and utilisation of
implementation strategies for the technology.

Key Points

This systematic review attempted to determine the
biomechanics of concussive head impacts among
male athletes in any sport.

Mean peak linear head acceleration associated with a
concussive episode was 98.68 g (95 % CI
82.36-115.00) and mean peak rotational head
acceleration was 5776.60 rads/s’ 95 % CI
4583.53-6969.67).

These findings do not define a concussion threshold
but are useful with regard to characterising the
kinematic load to the head associated with
concussion.

1 Introduction

In Australia, 80-90 % of traumatic brain injuries (TBIs)
sustained are classified as mild TBIs (mTBIs) [1, 2]. Evi-
dence suggests that 21 % of all TBIs occur during sporting
activity and equate to an incidence rate of 170 per 100,000
of general population [3]. Concussion is a growing concern
in the sporting arena, with an estimated 1.6-3.8 million
sport-related concussions occurring annually in the US
alone [1]. Concussion, a subset of TBI, is a complex
pathophysiological process affecting the brain, induced by
biomechanical forces and resulting in impairment of neu-
rological function, often without readily identifiable
structural injury on standard neuroimaging [4].

The incidence of concussion is likely to be underesti-
mated, primarily due to under- or delayed diagnosis [5, 6] as
concussion is widely underreported in both the sporting
arena and the broader community [7, 8]. The development of
instrumentation to measure head kinematic responses during
head impacts in sport resulted from a need to better under-
stand the biomechanics of concussion in sport and concus-
sion aetiology. Goals of head instrumentation include
measuring head impact exposure, improving head protection
and assisting in the medical management of athletes [9-11].

Head impact data suggest that the majority of recorded
impacts are skewed towards the low end of the severity
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spectrum. Although these impacts pose minimal risk of
observable concussion, the long-term consequences of
repetitive subconcussive head impacts remain largely
unknown [12, 13]. Repeated head impact has been recently
linked with chronic traumatic encephalopathy (CTE)
through several case studies; however, given the absence of
cross-sectional, longitudinal, or prospective studies, the
association is not yet established [14-17].

Previous reviews conducted examining head impact
biomechanics have focussed solely on American Football
[18, 19] and have included issues pertaining to the overall
assessment and management of sports-related concussion
[20]. The objective of this systematic review was to deter-
mine the characteristics of measured head kinematics in the
setting of concussion among male athletes in any sport in
which head impact was measured by an accelerometer sys-
tem. On average, female and youth athletes sustain concus-
sions at lower magnitudes when compared with males [21].
These populations have been excluded in order to keep the
biomechanical data consistent and improve external validity
when applied to a male population.

2 Methods

This systematic review was conducted and reported in line
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) statement [22]. A protocol
was registered on PROSPERO (registration number
CRD42015024857) and can be accessed at http://www.crd.
york.ac.uk/PROSPERO/display_record.asp?ID=CRD4201
5024857.

2.1 Information Sources

The search strategy involved a combination of keywords and
subject headings from the MEDLINE, PubMed, Cochrane
Library, Scopus, PsycINFO and SPORTDiscus databases
(1990-July 2015). The following keywords (truncated as
appropriate) were used: ‘head acceleration’, ‘accelerome-
ter’, ‘sensor*’, ‘acceleration’, ‘biomechanics’, ‘injury
threshold’, ‘concuss*’ (concussion, concussed, concussive),
‘brain inj*’ (brain injury, injuries), ‘head inj*’ (head injury,
injuries), ‘mild traumatic brain injury’, ‘head impact’, ‘sport
injury’, ‘sport*’, ‘athlete*’, ‘football’, ‘soccer’, ‘ice
hockey’, ‘rugby’, ‘boxing’, ‘lacrosse’, ‘wrestling’, ‘tae kwon
doe’, ‘karate’, and ‘martial arts’. Medical Subject Heading
(MeSH)/EMTREE terms used included ‘acceleration’, ‘ac-
celerometry’, ‘brain concussion’, ‘post-concussion syn-
drome’, ‘brain injuries’, and ‘sports’. Reference lists of
identified relevant studies and recent books were hand-
searched to identify further studies. Citations were down-
loaded to Endnote and duplicates removed.


http://www.crd.york.ac.uk/PROSPERO/display_record.asp%3fID%3dCRD42015024857
http://www.crd.york.ac.uk/PROSPERO/display_record.asp%3fID%3dCRD42015024857
http://www.crd.york.ac.uk/PROSPERO/display_record.asp%3fID%3dCRD42015024857
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2.2 Study Inclusion Criteria

Studies were included if they met the following inclusion
criteria: the study was published in English post-1990,
included a population of male athletes in any sport and
objectively measured biomechanical forces, specifically
linear and rotational acceleration, with a head instrumen-
tation system, and linked the measured forces to a clinical
diagnosis of concussion. Studies conducted on high school
and collegiate athletes were eligible for inclusion in this
systematic review. Inclusion and exclusion criteria are
described in Table 1.

2.3 Study Selection

Two review authors independently screened publication
titles and abstracts using the predefined eligibility criteria.
Any citation selected by either author was retrieved for
full-text review. The same two review authors indepen-
dently assessed the eligibility of full-text articles for
inclusion. Differences in screening decisions were resolved
by discussion or consultation with a senior member of the
review team. The study selection process was documented
according to the PRISMA flowchart [23].

2.4 Data Collection

Data on level of sport, method of head acceleration mea-
surement, session type, helmeted versus non-helmeted
population, brand of head impact monitoring system used
and sources of study funding were extracted. The number
of participants, number of head impacts and the biome-
chanical data (mean peak linear and rotational accelera-
tion) for concussive impacts were also extracted. For those
studies that presented individual participant data for the
biomechanical measures, we aggregated the measures for
inclusion in the meta-analysis.

2.5 Risk of Bias Assessment
The Quality Assessment of Diagnostic Accuracy Studies

(QUADAS-2) framework was used to assess the risk of
bias in the included studies. It assesses four study domains:

Table 1 Eligibility criteria

Include Exclude

Studies published between 1990 and 2015 Studies of female

Studies of male athletes athletes
Studies that objectively measure linear and Studies of youth
athletes

rotational acceleration using head
instrumentation in head impacts where
concussion has been clinically diagnosed

patient selection, index test, reference standard and flow of
patients through the study. All four domains are assessed
for risk of bias, with the first three also assessed for con-
cerns regarding applicability [24]. Signalling questions
were tailored as appropriate for this review. Risk of bias
and applicability was identified as either ‘high’, ‘low’ or
‘unclear’ in each of the domains.

2.6 Meta-Analysis

Studies were first grouped according to whether they
measured mean peak linear or rotational acceleration in the
setting of concussion. As studies were considered clinically
homogenous (in terms of population, sport setting and
outcomes) we undertook meta-analyses of mean peak lin-
ear and rotational acceleration for participants who expe-
rienced a concussive event. We combined estimates using
inverse-variance weighting, using a random effects model,
where the between-study variance was estimated using
DerSimonian and Laird’s method of moments estimator
[25]. Heterogeneity between studies was assessed using the
Chi-square statistic and quantified using the /> statistic.
Statistical analyses were conducted using Stata version
11.0 (StataCorp LP, College Station, TX, USA).

3 Results

Of the 6581 de-duplicated citations initially identified, 58
citations were sourced in full text. Of these, 39 manuscripts
were excluded for not reporting appropriate outcomes or
not providing the raw biomechanical data for concussive
episodes. In addition, one manuscript was excluded due to
an overlap of data [26]. A further three manuscripts
[27-29] were excluded as data from these studies were
collated in one included study [30]. A further two studies
were excluded as they addressed youth [31] and female
athletes [21]. Hence, a total of 13 studies were included in
the review (Fig. 1).

3.1 Study Characteristics

All included studies were prospective cohort studies. The
majority recruited American Football athletes at either a
high school, collegiate level, or both, with two also
incorporating data from ice hockey [6, 32] and one study
solely addressing amateur rugby union athletes [13].
Accelerometers employed in all studies except King et al.
[13] were instrumented helmets using the Head Impact
Telemetry (HIT) System (Simbex, Lebanon, NH, USA)
technology as a part of the Sideline Response System
(Riddell, Elyria, OH, USA). King et al. employed instru-
mented mouthguards(X2 Biosystems, Seattle, WA, USA)
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Fig. 1 Study selection process

database searching
(n=7334)

Records identified through

Additional records identified
through other sources
(n =282)

Records screened by title after
duplicates removed (n = 6581)

Records excluded
(n =6276)

A

Records screened by

abstract (n = 305)

A 4

Full-text articles

Records excluded
(n=247)

assessed for eligibility
(n = 58)

A

Studies included in
qualitative synthesis
(n=19)

A

Studies included in
quantitative synthesis
(meta-analysis)

Full-text articles excluded,
with reasons
(n=239)

e Outcome of interest
not assessed: 31

e Biomechanical data
not available: 8

Full-text articles excluded,
with reasons
(n=6)

e Overlap data: 4
e Inappropriate patient
population: 2

(n=13)

in their study as rugby union is an unhelmeted sport [13].
All included studies measured head kinematics in both
practice and games. Study characteristics are described in
Table 2.

3.2 Concussion Definitions and Assessment

In the five studies that reported a definition of concussion,
this was consistently defined as an impact-induced alter-
ation in mental status [32-36]. In those studies that did not
define concussion, the diagnosis was left to the trainer or
medical professional [6, 12, 13, 30, 37—40].

All included studies identified concussive impacts
through clinical diagnosis. It is unclear whether sideline
assessment tools such as the Sports Concussion Assess-
ment Tool (SCAT) [41] were utilised to assist in the
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diagnosis of concussion. Demographic and biomechanical
data extracted are described in Table 3.

3.3 QUADAS-2: Risk of Bias and Applicability
Concerns

Patient selection risk of bias and applicability concerns
were assessed as low risk in the majority of studies
[12, 13, 30, 3240, 42]. The study by Duhaime et al. [6]
was considered to have a high risk of bias and applicability
concerns as four concussive events were excluded due to
the lack of biomechanical data.

All included studies were considered to have a high risk
of bias for index testing as biomechanical data were
interpreted with the knowledge of all included concussive
events. Furthermore, despite previous validation of head
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Table 2 Study characteristics

Study Sport Level Method of Helmeted vs. Brand of Source of funding
instrumentation non-helmeted accelerometer
used

Brolinson et al. American Football Collegiate Helmet H HIT system NIH, Simbex
[39]

Guskiewicz et al.  American Football Collegiate Helmet H HIT system CDC
(33]

Schnebel et al. American Football Collegiate and high Helmet H HIT system Unknown
[34] school

Beckwith et al. American Football Collegiate and high Helmet H HIT system NIH, CDC, Simbex
[37] school

Duma and American Football Collegiate Helmet H HIT system NIH, NHTSA, TCRDL
Rowson [30]

Broglio et al. [35] American Football High school Helmet H HIT system NIH

Broglio et al. [36] American Football High school Helmet H HIT system Unknown

Duhaime et al. [6] American Football, ice Collegiate Helmet H HIT system NIH, Simbex

hockey

Funk et al. [12] American Football Collegiate Helmet H HIT system NIH

McAllister et al. American Football, ice Collegiate and high Helmet H HIT system NIH, CDC, NOCSAE,
[32] hockey school Simbex

Rowson et al. American Football Collegiate Helmet H HIT system NIH, NHTSA, TCRDL,
[40] Simbex

Beckwith et al. American Football Collegiate and high Helmet H HIT system NIH, CDC, Simbex
[38, 42] school

King et al. [13] Rugby union Amateur Mouthguard NH X2 X2 Biosystems

Biosystems

H helmeted, NH non-helmeted, HIT Head Impact Telemetry, NIH National Institutes of Health, CDC Centres for Disease Control, NHTSA
National Highway Traffic Safety Administration, TCRDL Toyota Central Research and Development Labs, NOCSAE National Operating

Committee on Standards for Athletic Equipment

impact measurement systems [43—-45], the validity of
biomechanical data recorded could not be adjusted for in
this review. When considering applicability concerns for
index testing, almost half of the studies included
[6, 13, 37—40] were deemed to be high risk as they were
either directly funded by or had a co-author who had a
vested financial interest in the accelerometery system used
in each study. Two studies [34, 36] did not provide infor-
mation on sources of funding or conflicts of interest, and a
further five [12, 30, 32, 33, 35] included studies were
deemed to have a low risk of bias with no conflict of
interest identified.

Reference standard risk of bias was considered to be
unclear as, although it was interpreted without knowledge
of biomechanical forces, it cannot be known whether all
concussions were identified by clinical staff. Due to the
nature of concussion, it is unlikely that all concussions
were identified by clinical staff and this cannot be adjusted
for in this review. Applicability concerns were considered
low risk in all included studies. Flow and timing was
considered low risk in all studies. Results are described in
Table 4.

3.4 Biomechanical Data Associated with Concussion

Meta-analysis of the mean peak linear acceleration in
concussed patients across 12 studies (3074 participants)
reported a pooled mean of 98.68g (95 % CI
82.36-115.00). There was no evidence of statistical
heterogeneity (P statistic = 0.0 %; p = 0.944) (see
Fig. 2).

Meta-analysis of the mean peak rotational acceleration
in concussed patients across nine studies (3203 partici-
pants) reported a pooled mean of 5776.60 rads/s* (95 % CI
4583.53-6969.67). There was no evidence of statistical
heterogeneity (I* statistic = 0.0 %; p = 0.824) (see
Fig. 3).

4 Discussion
This is the first systematic review including meta-analyses
to quantify the biomechanical head impact responses

associated with a diagnosis of concussion from practice
and game impacts sustained across multiple sports. Our
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Table 3 Demographic and biomechanical data

Study No. of No. of  No. of non- No. of Mean peak linear Mean peak rotational
participants impacts concussive concussive acceleration, g (SD) acceleration, rad/s”> (SD)
impacts impacts — - — -
No injury Concussion No injury  Concussion
Brolinson et al. [39] 52 11,604 11,601 3 20.1 103.3 - -
(18.7) (42.3)
Guskiewicz et al. [33] 88 104,714 104,701 13 - 102.8 - 5312
(30.7) (3950
Schnebel et al. [34] 56 54,154 54,151 3 - 105.9 - -
(28.4)
Beckwith et al. [37] 901 71,390 71,335 55 - 107 (31) - 7079
(3408)
Duma and Rowson - 71,300 71,294 6 - 132.3 - -
[30] (49.7)
Broglio et al. [35] 78 54,247 54,247 13 25.1 105 (18) 1627 7230
(15.4) (1183) (1158)
Broglio et al. [36] 95 102,218 102,198 20 - 93.6 27.5) - 6403
(1754)
Duhaime et al. [6] 450 486,594 486,546 48 - 86.1 (42.6) - 3620
(2166)
Funk et al. [12] 98 37,128 37,124 4 - 145 (35) - -
McAllister et al. [32] 10 10 0 10 - 73.6 21.3) - 5025
(1226)
Rowson et al. [40] 335 301,034 300,977 57 - - 1230 5022
(1791)
Beckwith et al. 1208 161,732 161,627 105 20.7 102.5 848 3977
[38, 42] (33.8) (2272)
King et al. [13] 38 20,689 20,687 2 222 74.9 (28.2) 3903 7628
(16.2) (3949) (3264)

g g-force, SD standard deviation, rad/s” radian per second squared

findings are consistent with those of Pellman et al. [46] and
Mclntosh et al. [47], who both used impact reconstruction
methods to study concussion. Applications of these find-
ings include performance requirements for helmets and
protocols for the medical assessment of a real-time moni-
tored athlete, for example triggering the removal from play
for clinical assessment of an athlete who is exposed to an
impact greater than the reported pooled peak head
accelerations.

While this review reports on quantitative values reported
among concussed cases, it is important to consider that
these findings are limited in not defining a concussion
threshold and may be conservative estimates in not being
representative of all impacts [5, 29, 48]. An important
observation is that many head impacts recorded above the
mean values reported do not result in concussion [35, 40].
Data on the incidence of non-concussive impacts with
kinematic responses equal to or greater than the magnitude
associated with concussion in each included study were
unable to be extracted; however, based on previous find-
ings [29, 48], it is estimated that the majority of impacts at
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magnitudes associated with a diagnosis of concussion do
not result in a concussion. Greenwald et al. collated 3476
impacts >98.9 g, of which only 11 (0.3 %) resulted in a
concussion [48]. In their respective studies, Guskiewicz
et al. and Broglio et al. both note that symptomatology of
concussive episodes did not correlate with biomechanical
data [33, 36]. In addition, widely varying magnitudes of
acceleration at which concussion is sustained were
observed [33, 36]. Schnebel et al. and Rowson et al.
reported that little is known about the individual risk fac-
tors that contribute to the incidence and severity of con-
cussive episodes, further illustrating the difficulties in
defining an injury threshold [34, 40]. In finite element
simulations of concussive impacts, Patton et al. [49]
observed that the brain regions were sensitive to head
impact location and component accelerations and veloci-
ties, suggesting that peak resultant values exclusively may
be limited [50]. Furthermore, variable individual tolerance
to head impact and the difficulty in determining the true
effect of multiple head impacts over time periods pose
additional limitations to defining an injury threshold.
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Table 4 QUADAS-2 tool results
Study Risk of bias Applicability concerns
Patient Index Reference Flow and Patient Index Reference
selection test standard timing selection test standard
Brolinson et al. [39] Low High Unclear Low Low High Low
Guskiewicz et al. [33] Low High Unclear Low Low Low Low
Schnebel et al. [34] Low High Unclear Low Low Unclear Low
Beckwith et al. [37] Low High Unclear Low Low High Low
Duma and Rowson [30] Low High Unclear Low Low Low Low
Broglio et al. [35] Low High Unclear Low Low Low Low
Broglio et al. [36] Low High Unclear Low Low Unclear Low
Duhaime et al. [6] High High Unclear Low High High Low
Funk et al. [12] Low High Unclear Low Low Low Low
McAllister et al. [32] Low High Unclear Low Low Low Low
Rowson et al. [40] Low High Unclear Low Low High Low
Beckwith et al. [38, 42] Low High Unclear Low Low High Low
King et al. [13] Low High Unclear Low Low High Low
QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies
Fig. 2 Pooled mean peak linear Study Mean (95% CI) Weight (%)
acceleration in the setting of
concussion. Weights are from !
random effects analysis. C/ Brolinson et al. [39] —_—— 103.30 (20.39, 186.21)  3.88
confidence interval Guskiewicz et al. [33] —L— 102.80 (42.63, 162.97)  7.36
Schnebel et al. [34] —E-v— 105.90 (50.24, 161.56)  8.60
Beckwith et al. [37] —g-o— 107.00 (46.24, 167.76)  7.22
Duma and Rowson [30] E * 132.30 (34.89, 229.71) 2.81
Broglio et al. [35] — 105.00 (69.72, 140.28)  21.41
Broglio et al. [36] —+:— 93.60 (39.70, 147.50) 9.17
Duhaime et al. [6] —0—5— 86.10 (2.61, 169.59) 3.82
Funk et al. [12] —E—«— 145.00 (76.40, 213.60)  5.66
McAliister et al. [32] —+i— 73.60 (31.85,115.35)  15.29
Beckwith et al. [38,42] —:4— 102.50 (36.25, 168.75)  6.07
King et al. [13] —*—i— 74.90 (19.63,130.17)  8.72
Overall I-squared 0.0%, p = 0.944 <> 98.68 (82.36, 115.00)  100.00
I
|
T T
0 Pooled mean 230

Improvement in the clinical utility of head acceleration
data may be achieved through consideration of impact
location. Using a linear acceleration threshold of 96.1 g,
Broglio et al. used a classification and regression tree
(CART) model to accurately predict 10 identified concus-
sions out of 47 impacts exceeding the injury tolerance level
(21.3 % sensitivity) [35].

Previous reviews examining head impact biomechanics
in solely American Football have found similar forces
associated with a diagnosis of concussion. Forbes et al.

Mean peak linear acceleration (g)

reported that high-school players who were concussed
experienced an average linear acceleration of 93.9 g and an
average rotational acceleration of 6505.2 rads/sz, whereas
college athletes experienced an average of 118.4 g of linear
acceleration and 5311.6 rad/s> of rotational acceleration
[18]. The limitations of biomechanical data were also
highlighted by the authors, as less than 1 % of impacts that
surpassed the mean accelerations associated with concus-
sion actually resulted in concussion [18]. In their review of
concussion biomechanics, Broglio et al. noted that
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Fig. 3 Pooled mean peak Study
rotational acceleration in the
setting of concussion. Weights
are from random effects
analysis. CI confidence interval

Guskiewicz et al. [33]
Beckwith et al. [37]
Broglio et al. [35]
Broglio et al. [36]
Duhaime et al. [6]
McAllister et al. [32]
Rowson et al. [40]

Beckwith et al. [38,42]

Mean (95% Cl) Weight (%)

5312.00 (-2429.86, 13053.86) 237

7079.00 (399.44, 13758.56) 3.19
—_ 7230.00 (4960.36, 9499.64) 27.63
i
+ 6403.00 (2965.22, 9840.78) 12.04
i
——+—+— 3620.00 (-625.28, 7865.28) 7.90
—*—ir— 5025.00 (2622.08, 7427.92) 24.65
—+§— 5022.00 (1511.70, 8532.30) 11.55
S I 3977.00 (-476.04, 8430.04) 7.18

King et al. [13] 7628.00 (1230.68, 14025.32)  3.48
Overall (I-squared = 0.0%, p = 0.824) <> 5776.60 (4583.53, 6969.67) 100.00

I

I

I

I

I

f T

Pooled mean 14025

variation in athlete size, and strength, along with equip-
ment, impact direction, impact readiness and several other
variables, may influence injury risk [19]. While the authors
reported that a concussion threshold is yet to be identified,
they noted that emerging from research into concussion
biomechanics is the consistent importance of linear accel-
eration, rotational acceleration and impact location as
predictive of concussive impacts [19].

A number of concussion clinical evaluation tools have been
developed (SCATS3, Standardized Assessment of Concussion,
etc.) to improve recognition of concussion symptomatology
and diagnosis. Although useful, they should not take the place
of clinician judgement and are limited in identifying indi-
viduals who require screening for concussion and in those
individuals with delayed-onset concussion [4, 6]. In addition,
high error rates for the concentration portion of assessment
have been demonstrated, highlighting the importance of
baseline testing [51, 52]. Biomechanical data used in con-
junction with clinical markers (e.g. balance or motor incoor-
dination, disorientation, confusion or vomiting), video
analysis and sideline assessment may provide more reliable
measures of concussion and/or justification for removal of a
player from competition and initiation of a structured moni-
toring programme of clinical assessments, when clinical
observations are indeterminate.

Differences in head impact exposure may result in dif-
ferent clinical presentations. An immediate diagnosis of
concussion is more closely associated with single high-
magnitude impacts, whereas delayed diagnosis of concus-
sion is associated with moderate impacts at an increased
frequency [38, 42]. However, when evaluating the influ-
ence of subconcussive head impacts on the concussion
threshold, Eckner et al. found no evidence to support the
cumulative impact theory that a series of subconcussive
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0
Mean peak rotational acceleration (g)

impacts could lower an athlete’s concussion threshold [53].
The effect of cumulative head impacts on a concussion
threshold remains unknown.

Female and youth athletes were excluded from analysis
in this review as these populations sustain concussions at
lower magnitudes, on average [21, 31, 54]. In a study of the
biomechanics of concussive head impacts in female col-
legiate ice hockey players, Wilcox et al. reported the
average linear and rotational acceleration of concussive
impacts to be 43.0 £ 11.5 g and 4030 £ 1435 rads/s?,
respectively [21]. Furthermore, biomechanical data avail-
able for head impacts in female athletes are limited. There
are a reasonable amount of data available examining head
impact biomechanics in youth athletes [31, 55-65]. Despite
this, few studies report concussive events in their study
periods, leaving the population small [31, 55, 57, 63].
Furthermore, the large age-group variation between studies
makes analysis troublesome. Therefore, the findings of this
review are only applicable to a male population.

Unfortunately, not all studies reporting biomechanical
forces associated with concussive events provided linear
and rotational acceleration data, and such studies were
therefore unable to be included in the analysis. Despite
careful inspection of methodology and exclusion of mul-
tiple studies due to multiple collated datasets [37, 38, 40],
we were unable to completely ascertain whether there was
an overlap of data between the included studies.

5 Conclusions
Head impact monitoring through accelerometery has been

shown to be useful with regard to characterising the kine-
matic load to the head associated with concussion.
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It is not definitive in diagnosing or assisting with a
diagnosis of concussion. This is due to a number of factors,
including the lack of an identified concussion injury
threshold and the extensive range of magnitudes at which
players sustain concussion, as evidenced by wide confi-
dence intervals and no evidence of heterogeneity between
studies. Reported biomechanical forces may be used as
alerts, in real-time monitoring or retrospectively, when
screening athletes with potential concussion. Future
research with improved clinical outcome measures and
head kinematic data may improve accuracy when evalu-
ating concussion, and may assist with both interpretation of
biomechanical data and the development and utilisation of
implementation strategies for the technology. Additionally,
further investigation into biomechanical forces associated
with concussion in non-helmeted and female athletes is
recommended in order to develop an understanding of
concussion within these populations of athletes.
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