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Background: Exposure to head acceleration events (HAEs) has been associated with player sex, player position, and player
experience in North American football, ice hockey, and lacrosse. Little is known of these factors in professional Australian football.
Video analysis allows HAE verification and characterization of important determinants of injury.

Purpose: To characterize verified HAEs in the nonhelmeted contact sport of professional Australian football and investigate the
association of sex, player position, and player experience with HAE frequency and magnitude.

Study Design: Descriptive epidemiology study.

Methods: Professional Australian football players wore a nonhelmeted accelerometer for 1 match, with data collected across 14
matches. HAEs with peak linear accelerations (PLAs) �30g were verified with match video. Verified HAEs were summarized by
frequency and median PLA and compared between the sexes, player position, and player experience. Characterization of match-
related situations of verified HAEs was conducted, and the head impact rate per skill execution was calculated.

Results: 92 male and 118 female players were recruited during the 2017 season. Male players sustained more HAEs (median, 1;
IQR, 0-2) than female players (median, 0; IQR, 0-1; P = .007) during a match. The maximum PLAs incurred during a match were
significantly higher in male players (median, 61.8g; IQR, 40.5-87.1) compared with female players (median, 44.5g; IQR, 33.6-74.8;
P = .032). Neither player position nor experience was associated with HAE frequency. Of all verified HAEs, 52% (n = 110) occurred
when neither team had possession of the football, and 46% (n = 98) were caused by contact from another player attempting to
gain possession of the football. A subset of HAEs (n = 12; 5.7%) resulted in players seeking medical aid and/or being removed
from the match (median PLA, 58.8g; IQR, 34.0-89.0), with 2 (male) players diagnosed with concussion after direct head impacts
and associated PLAs of 62g and 75g, respectively. In the setting of catching (marking) the football, female players exhibited twice
the head impact rate (16 per 100 marking contests) than male players (8 per 100 marking contests).

Conclusion: Playing situations in which players have limited control of the football are a common cause of impacts. Male players
sustained a greater exposure to HAEs compared with female players. Female players, however, sustained higher exposure to
HAEs than male players during certain skill executions, possibly reflecting differences in skill development. These findings can
therefore inform match and skill development in the emerging professional women’s competition of Australian football.

Keywords: nonhelmeted accelerometer; professional athletes; head impact biomechanics; wearable accelerometers; sports-
related concussion; sports injury

Australian football is a nonhelmeted sporting code of
extreme physical endurance demanding high-speed run-
ning, jumping, landing, and disposing of the football
among team players by ‘‘handballing’’ (ie, holding the ball
with 1 hand and hitting it with a clenched fist of the other)

or kicking the football.4 After the football is kicked, players
become involved in a ‘‘marking contest,’’ wherein players
huddle in close proximity while attempting to mark (ie,
catch) or spoil the football without the opposition or ground
contacting the football first. A player who successfully
marks the football is awarded a kick without any interfer-
ence from the opposition. If the mark fails, the football can
be further contested on the ground (ie, ground ball) and
any player with obvious or clear possession of the football
can be tackled by the opposition. Other players, however,
can legally protect or shepherd the ball carrier by using
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their own bodies to bump or block the opposition from tack-
ling the ball carrier. Hence, this sporting code has many
sources of permissible body contact. Australian football
players are frequently prone to head and body impacts
from multiple angles, typically resulting in orthopaedic
injuries (most commonly involving the lower limbs) as
well as concussion.3 At the professional level in the Austra-
lian Football League (AFL), it is estimated that 6 to 8 con-
cussions occur per 1000 player hours, which equates to 1
every 3 matches for a standard team of 22 players.3

With the advent of wearable sensor systems, it has
become possible to conduct in vivo measurement of head
acceleration events (HAEs) by quantifying peak linear
acceleration (PLA, in g) and peak rotational acceleration
(PRA, in rad/s2).21,39 Evidence from helmeted sporting
codes, predominantly American football and ice hockey,
suggests that factors such as player sex, player position,
and, to an extent, player experience may influence expo-
sure to HAEs.13,23,46,48,50 Previous studies have explored
injury mechanisms of concussion and the associated PLA
and PRA values through laboratory-based reconstructive
analysis.25,37 To date, little is known about the frequency
or magnitude of exposure to HAEs detected in vivo not nec-
essarily resulting in a clinical diagnosis of concussion, or
potential determinants of this exposure in the nonhel-
meted Australian football code. The professional level of
competition additionally provides a prime setting to
explore these factors, as the literature exploring head kine-
matics in American football players suggests that impact
exposure is positively correlated with the match level.41

A limitation of previous studies quantifying HAEs in
nonhelmeted contact sports has been the use of one of the
only available instruments, the Prevent Biometrics (previ-
ously X2 Biosystems) X-Patch, with acquisition rates of
PLA reported above 10g44 and without video verification.32

Video review of time-stamped, match-related HAEs reveals
that the X-Patch is subject to overestimation of head impact

exposure due to registration of noninjurious activity (eg,
jumping, running, landing) associated with very low thresh-
olds and subsequently poor false-positive detection (ie, poor
reliability of in-built software algorithm).14,38,43 Studies
increasingly use video review for verification of HAEs,
which additionally enables descriptive analysis of associated
player situations in which HAEs occur.14,15,30

According to Bahr and Krosshaug’s5 comprehensive
model of injury causation, the playing situation (eg, phase
of play), player behavior (eg, skill execution), and gross bio-
mechanical descriptors (eg, cause of impact, head and body
impact location) are important determinants of injury cau-
sation. Although player and situational factors associated
with clinically diagnosed concussions have been docu-
mented in Australian football players,24,34,36 the character-
ization of exposure to all HAEs is yet to be explored,
particularly at the professional level.

The aim of this investigation was to quantify and char-
acterize HAEs verified on video review in the nonhelmeted
contact sport of professional Australian football. Further to
this, the study aimed to investigate the association of
player sex, player position, and player experience on fre-
quency and magnitude of verified HAEs on video review
in a cohort of professional male Australian Football League
(AFL) and female Australian Football League Women
(AFLW) players.

METHODS

Design and Population

This prospective observational pilot study was approved by
the Monash University Research Ethics Committee (pro-
ject No. 0785). Study participants were recruited from 9
of the available 10 professional Victoria-based male AFL
teams who played across 4 weeks during the 2017 Jardine
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Lloyd Thompson Group (JLT) Community Series and from
all 8 professional AFLW teams who played across 4 weeks
in the 2017 National Australia Bank (NAB) AFL Women’s
competition. Once team management had agreed for the
team to participate, individual players provided informed
consent. Inclusion criteria were consent to participate in
the study and consent to wear an X-Patch for 1 entire
match. Participant information was gathered postmatch
including age, player position, and player experience
(number of years playing community football and number
of years playing professional football). For statistical anal-
ysis, player positions were grouped into forward (ie, key
forward, general forward), midfield (ie, midfielder, mid-
fielder-forward, ruck, wing), and defender (ie, key
defender, general defender) positions. Player experience
was stratified into 4 categories: 0-5 years, 6-10 years, 11-
15 years, and more than 15 years. Each player participated
in data collection for a single match only, across a total of
14 matches. Additional data were gathered retrospectively
from official league online records, including weight,
height, and player statistics with regard to the total inci-
dence of skill execution for the matches observed (kicks,
tackles, marks, handballs, contested possessions). Limited
records were available for weight for female players, as
this was the inaugural year of female player participation
in this sporting code at the professional level.

Accelerometer Device

At the time of this study, the X-Patch was the only com-
mercially available device that could be applied to the
head without the need for a helmet, headband, and/or
mouthguard. All X-Patch devices were tested for basic
functionality (eg, battery life) before use. The X-Patch
was affixed using the prescribed instructions: placed on
the skin behind the ear over the mastoid using double-
sided adhesives and counterbalancing the application of
the patch between the left and right side across partici-
pants. To further secure the X-Patch, a strip of BodyPlus
sports strapping tape was placed across the device.

The X-Patch (purchased in 2015 from X2 Biosystems
Inc) contains a triaxial linear accelerometer and triaxial
gyroscope sensor. Laboratory-based and in vivo analysis
of the X-Patch revealed that PLA demonstrated a greater
reliability and lower variance when compared with
PRA.38,53 On this basis, only PLA was used for this study.
The X-Patch cannot differentiate between a direct head
impact or an impact to another body location leading to
an inertial loading of the head.17,38,43 The X-Patch contin-
uously samples at a frequency of 1 kHz and is triggered to
record 100 milliseconds of time-stamped data for any accel-
eration event with a PLA exceeding 10g.

The Impact Monitoring System (IMS; X2 Biosystems)
proprietary software was used to obtain a time-stamped
data set of multiple PLA values per accelerometer device
per player. The IMS in-built algorithm to identify spurious
PLAs (ie, false-positive results due to noncontact events
such as jumping and running) was disabled due to the
lack of reliability of this software, and all PLAs were

included for analysis.43,51 Each accelerometer was cleared
of data before it was used again. Data from accelerometer
devices that became detached or faulty were excluded.
Extreme values were also excluded and were defined as
a frequency of HAEs measured by the X-Patch with
PLAs above 10g per player that exceeded n = 150.51

Outcome

The primary outcome measure was time-stamped HAEs
with PLAs �30g per player that could be verified on video.
The threshold of PLA �30g was selected on the basis of
supporting evidence that HAEs with PLA \30g may not
be easily identified on video and may be confounded by
noninjurious events that typically occur in the AFL and
everyday activity, such as jumping, running fast, and stop-
ping or landing.1,26,40,43,49 HAEs with a low PLA are also
associated with a very low likelihood of concussion such
that PLAs of 20g, 30g, 40g, and 50g, respectively, have
a 4%, 7%, 12%, and 19% likelihood of concussion based
on 98 AFL and National Football League (NFL) laboratory-
based reconstructed impacts with and without concussion.35

Data from large cohort studies with North American football
players are consistent with this, demonstrating that only
high-magnitude PLAs (eg, �96g) yield the highest predictive
value of concussion, with at least a minimum of 70g to 75g
required to cause injury.12,22,27

The AFL provided video footage of the live broadcast
feed for each observed match, incorporating tight, wide,
low, and/or elevated views of match events. The video
review was completed independently by 2 neuropsychology
trainees (J.R. and J.N.). Review of match footage for male
(generally 80 minutes) and female players (generally 60
minutes) was unlimited, with any playback speed permis-
sible to ensure reliable verification of HAEs.

All video footage and X-Patch output were dated and
time-stamped, allowing the verification of X-Patch
detected HAEs by precisely matching the HAEs to the cor-
responding event in video footage. A window of 61 minute
was used to account for potential discrepancies in exact
time frames (eg, quarter time was extended as a result of
a stoppage).15,17,43 HAEs were considered verified if (1)
there was a clear and unobstructed view of the player in
the video footage during the inspected time frame and (2)
there was clear visible contact to the head or body of the
player wearing the X-Patch (ie, the impacted player) by
another player and/or object (eg, ground, goal post, fence)
during the inspected time frame.15,17 HAEs that occurred
in close succession (eg, within 30 seconds) were reviewed
and treated independently, thereby resetting the inspec-
tion window for each HAE on review. No single contact
event was associated with more than 1 HAE. Individual
video-verified HAEs with PLAs �30g were further charac-
terized by player situation (quarter, phase of play, and
number of players involved in the impact) and player
behavior (skill executed by the impacted player at the
time of impact) as well as gross biomechanical descriptors
(cause of impact and body impact location) and outcome of
the verified impact.
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Analysis

Inter- and intrarater reliability analyses were conducted to
provide measures of rating consistency for factors used to
characterize all verified HAEs with PLAs �30g using
Cohen kappa, intraclass correlations (ICCs), and percent-
age agreement. In addition, the verified head impact rate
per execution of common Australian football skills was cal-
culated with corresponding 95% confidence intervals (CIs).
These rates were calculated as the sum of verified and
direct head impacts during a skill execution (eg, head
impacts sustained while executing a tackle) divided by
the total number of executions for said skill (eg, total num-
ber of tackles) as shown below:

Head Impact Rate 5

P
verified head impacts � 30g while executing a skill

P
total number of executions of skill

:

Comparative Analysis. Continuous normal or near nor-
mally distributed variables (age and height) were summa-
rized by use of mean 6 standard deviation, and statistical
differences were assessed with the Student t test. Nominal
and ordinal variables were categorized and presented as
proportions, and statistical differences were assessed
with the chi-square test (highest level of education, player
position, and player experience stratified by sex). All veri-
fied HAEs with PLAs �30g were reduced per player for
comparative analysis. Skewed continuous variables and
discrete variables (frequency of HAEs and PLAs [IQRs])
were summarized by use of median (interquartile ranges),
and differences were assessed via the Mann-Whitney
U test. Differences between 3 or more medians were com-
pared through use of a Kruskal-Wallis test by ranks. Sta-
tistical significance was defined as P \ .05 with
Bonferroni corrections, where appropriate, to control for
family-wise error in cases of multiple comparisons. All
data were analyzed with SPSS (IBM version 25).

RESULTS

A total of 17 teams were observed for 1 entire match across
14 matches out of the total 56 matches comprising the
assessed competitions (JLT Community Series, 27
matches; AFLW Premiership, 29 matches). Within these
teams, 354 players consented to participate in the study;
however, 55 players withdrew their consent on match
day (84% response rate). In addition, 86 players had
patches that detached (60%) or became faulty (40%), and
HAEs from these patches were excluded from further anal-
ysis.23 Data from 3 male players determined to have an
extreme number of HAEs (342, 301, and 226 HAEs, respec-
tively) were excluded, resulting in 210 players included for
analysis (Figure 1). Demographics and match-related
information are outlined in Table 1. Male (n = 92) and
female (n = 118) players were well-matched for age and
height. Weight was not compared statistically given the

limited number of measurements available for female play-
ers. Significant differences were evident across level of
education (with more female players having undertaken
tertiary education) and player experience (male players
had significantly more years of player experience).

A total of 4957 unverified HAEs �10g were noted, of
which 336 unverified HAEs were �30g, and 211 HAEs (for
distribution, see Appendix A, available in the online version
of this article) were verified impacts identified in video anal-
ysis (hereafter referred to as HAEs). Measures of rating con-
sistency across the factors used to further characterize HAEs
revealed good to excellent interrater (ICC, 0.769-0.984) and
intrarater reliability (ICC, 0.663-1.00) (see Appendix B, avail-
able online, for comprehensive results).

Of the 210 players included for analysis, 102 players sus-
tained HAEs �30g, with the remaining 108 players not sus-
taining HAEs �30g. The distribution of HAE frequency,
subgrouped by sex, is displayed in Figure 2. In the overall
sample (n = 210), male players (median of 1; IQR, 0-2) sus-
tained more HAEs during the observed match compared
with female players (median of 0; IQR, 0-1; P = .007).

The associations between player experience, player
position, and HAEs are summarized in Table 2. In the
overall sample (n = 210), there was no association between
player position (P = .74) or player experience (P = .056) and
the frequency of HAEs �30g.

Analysis of players who sustained HAEs �30g (n = 102)
revealed that 52 male players sustained a comparable
median PLA of 45.7g (IQR, 37.5-62.8) and 50 female play-
ers sustained a median PLA of 41.2g (IQR, 33.6-53.1;
P = .12). Among this group, however, male players

409
Total number of

possible par�cipants

354
Consen�ng
players

55
Did not
consent

299
Patched players

52
Detached
patches

34
Faulty
patches

213
Subtotal players

210
Total players in final

sample

55
Withdrew consent

on day

3
Extreme values

excluded

Figure 1. Participant inclusion.
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typically sustained a significantly higher maximum PLA of
61.8g (IQR, 40.5-87.1) when compared with female players,
who had a maximum PLA of 44.5g (IQR, 33.6-74.8; P = .032)
(see Appendix A Table 2, available online, for distribution).

Analysis of players who sustained HAEs �30g (n = 102)
revealed no association between player experience (P = .47)
or player position (P = .015) and the median PLA sus-
tained. Although the results in Table 2 reveal that for-
wards sustained a higher maximum PLA compared with
midfielders and defenders, this was not statistically signif-
icant (P = .20). Similarly, no association was found between
player experience and maximum PLA (P = .69).

Characterization of Head Acceleration Events

Playing Situation. Of all HAEs, 55.4% occurred during
the first half of the match, and 44.6% occurred during
the second half of the match. The median PLA of HAEs
during the first half of the match was 41.4g (IQR, 35.0-
53.7) whereas the median PLA in the second half was
45.45g (IQR, 34.3-70.1). More than half of the HAEs
occurred during contested play when neither team had
clear possession of the football (n = 110; 52.1%), whereas
the remainder were almost evenly distributed between
an offensive or defensive phase of play, as seen in Table 3.

Figure 2. Distribution of video-verified head acceleration events (HAEs) with peak linear accelerations (PLAs) �30g (x-axis)
grouped by the number of players (y-axis) stratified by sex during a match. Note the value of 0 on the x-axis does not align
with the y-axis to illustrate the number of players with frequency of n = 0 HAEs with PLAs �30g.

TABLE 1
Participant Characteristics

Male (n = 92) Female (n = 118) P Value

Age at assessment, y, mean 6 SD 24.0 6 3.8 24.7 6 4.2 .25
Height, cm, mean 6 SD 188.2 6 6.9 177.2 6 7.0 .17
Weight, kg, mean 6 SD 87.8 6 7.5 66.3 6 5.9a

Highest level of education, n (%) \.001
Secondary studies 77 (84) 72 (61)
Tertiary studies 15 (16) 46 (39)

Player position, n (%) .26
Forwards 25 (27) 26 (22)
Midfielders 34 (37) 57 (48)
Defenders 33 (36) 35 (30)

Years of player experience, n (%) \.001
0-5 y 12 (13) 48 (41)
6-10 y 18 (20) 42 (36)
11-15 y 23 (25) 23 (19)
.15 y 39 (42) 5 (4)

aLimited records for female players, resulting in n = 16.
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HAEs occurring during a contested phase of play resulted
a median PLA of 45.3g (IQR, 34.8-63.4). When we strati-
fied phase of play by sex, the proportion of HAEs occur-
ring during contested play was 56.4% (n = 62) in female
players and 43.6% (n = 48) in male players, whereas the
proportion of HAEs occurring during offensive and defen-
sive play was 67.3% (n = 68) in male players and 32.7% (n
= 33) in female players.

Player Behavior. An evaluation of the players’ behavior
with regard to skill execution at the time of the HAE dem-
onstrated that 26.1% (n = 55) of HAEs occurred while the
player was contesting a ground ball (see Figure 3), whereas
25.1% (n = 53) occurred when the player was attempting to
mark or spoil the ball (ie, marking contest) (Figure 4).
Players executed a tackle during 16.1% (n = 34) of HAEs
and a handball during 9.5% (n = 20), whereas bumping/
shepherding was executed in 8.1% (n = 17) of HAEs.

Gross Biomechanical Descriptors. The most common
cause of HAE was due to incidental contact from another
player who was also attempting to mark or spoil the football
or contesting a ground ball (n = 98; 46.5%), whereas contact
when being tackled or tackling the opposition was the sec-
ond most common cause (n = 64; 30.3%) as seen in Table
3. An impact due to incidental contact from another player
while contesting a ground ball resulted in a median PLA
of 47.6g. Interestingly, shepherding or bumping/blocking
was a cause of impact in only 8.1% (n = 17) of HAEs,
although resulting in a median PLA of 46.0g (IQR, 35.8-
64.8). For male players, HAEs caused during a contested
ball situation resulted in the highest median PLA of 59.7g
(IQR, 39.0-108.2), whereas for female players, HAEs caused
during shepherding resulted in the highest median PLA of
52.6g (IQR, 35.2-85.2), as seen in Table 4.

With regard to body impact location, the majority of
HAEs resulted from a direct impact to the head (n = 74;
35.1%), followed by chest/shoulder (n = 57; 27%), back
(n = 29; 13.7%), abdomen/hips (n = 21; 10%), and upper
or lower limbs (n = 19; 9%), whereas the impact location
for a subset of HAEs could not be determined (n = 11;
5.2%). The median PLA of HAEs resulting from direct

head impacts was 48.41g, and the median PLA for HAEs
resulting from impact to other body locations was 40.51g.
Of all HAEs resulting from a direct head impact, 51.4%
(n = 38) occurred to the side of the head and this resulted
in a median PLA of 52.63g, whereas the median PLA of
all other head impact locations was 46.26g.

The majority of HAEs (n = 194; 91.9%) did not result in
an observed injury, and very few HAEs (n = 5; 2.4%)
resulted in player discomfort (ie, exhibiting facial expres-
sion of pain after impact). HAEs resulting in no observed
injury and player discomfort had a median PLA of 41.6g
(IQR, 34.7-60.8) and 52.0g (IQR, 42.1-64.8), respectively.
A small subset of HAEs (n = 12; 5.7%) resulted in players
seeking medical aid and/or being removed from the match
with a median PLA of 58.8g (IQR, 34.0-89.0). In this cate-
gory, PLAs for HAEs after a body impact (n = 2) were 30g
and 32g, whereas PLAs for HAEs after a direct head
impact (n = 10) ranged between 53g and 139g, with 1
PLA being 31g. There were 2 (male) players with a diag-
nosed concussion after direct head impacts with associated
PLAs of 62g and 75g, respectively.

Head Impact Rate. The incidence of verified direct head
impacts occurring per mark was highest (9 per 100 mark-
ing contests) among all impact rates per skill execution,
as seen in Table 5. Female players exhibited almost twice
the head impact rate per mark (16 per 100 marking con-
tests) and per contested possession (8 per 100 contests) rel-
ative to male players. Conversely, male players exhibited
twice the head impact rate per tackle (4 per 100 tackles)
compared with female players (2 per 100 tackles).

TABLE 2
Distribution of Verified Head Acceleration Events �30g
per Player by Player Position and Player Experiencea

Frequency
(n = 210)

PLA, g
(n = 102)

Median (IQR) Median (IQR) Max Median (IQR)

Player position
Forward 0.00 (0-2) 48.8 (40.5-64.8) 61.3 (44.0-100.9)
Midfield 1.00 (0-1) 40.6 (32.9-55.0) 45.2 (33.1-81.2)
Defender 0.00 (0-1) 41.4 (34.9-54.6) 52.6 (36.1-75.2)

Player experience
0-5 y 0.50 (0-1) 45.9 (35.8-56.9) 50.0 (35.8-83.2)
6-10 y 0.00 (0-1) 40.7 (35.7-60.0) 48.7 (38.6-76.9)
11-15 y 0.00 (0-1) 41.0 (32.7-45.7) 43.5 (32.8-88.6)
.15 y 1.00 (0-2) 47.9 (37.4-62.3) 61.8 (40.5-77.0)

aIQR, interquartile range; PLA, peak linear acceleration.

TABLE 3
Verified Head Acceleration Events �30g

by Playing Situation and Cause of Impacta

Fields n (%) Median PLA IQR

Quarter
1 64 (30.3) 41.2 35.0-62.0
2 53 (25.1) 41.4 35.5-50.3
3 40 (19.0) 47.6 34.9-75.0
4 54 (25.6) 45.4 32.8-69.0

Number of players
1 10 (4.7) 41.1 34.1-52.6
2 144 (68.2) 42.0 35.4-60.5
3 31 (14.7) 45.6 33.7-68.6
41 26 (12.3) 44.6 33.0-69.6

Phase of play
Contested play 110 (52.1) 45.3 34.8-63.4
Offense 48 (22.7) 38.7 33.2-58.9
Defense 53 (25.1) 42.4 36.7-62.4

Cause of impact
Marking contest 52 (24.6) 41.3 34.0-66.8
Contested ball 46 (21.8) 47.6 35.5-78.1
Tackling 33 (15.6) 44.9 36.1-53.3
Being tackled 31 (14.7) 41.2 34.4-59.2
Ground ball 22 (10.4) 39.9 34.2-49.6
Shepherding 17 (8.1) 46.0 35.8-64.8
Other 10 (4.7) 37.4 31.8-43.8
Goal post/fence 0 (0) 0 0.00-0.00

aIQR, interquartile range; PLA, peak linear acceleration.
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DISCUSSION

This study is the first to identify and characterize match-
related factors in which video-verified HAEs occur in the
nonhelmeted contact sport of professional Australian foot-
ball, and the first to explore the association of sex, player
position, and player experience to the frequency and mag-
nitude of HAEs. Primary findings revealed that the fre-
quency of HAEs �30g and the maximum PLAs incurred
during the match were statistically higher in male com-
pared with female players, whereas the median PLA was
comparable between sexes. Despite notable magnitudes
of HAEs for median and maximum PLAs in forwards rela-
tive to midfielders and defenders, the association between
player position and exposure to verified HAEs �30g was
not statistically significant, nor was there an identified
association between player experience and frequency of
HAEs. The highest rate of direct head impacts per skill
execution occurred while marking or spoiling the ball (9
per 100 marking contests), with female players exhibiting
twice the head impact rate (16 per 100 marking contests)
compared with male players (8 per 100 marking contests).

Sex Differences

Sex differences in frequency of HAEs in sports have not
been consistently demonstrated. Studies comparing sex

in ice hockey found that male players sustained almost
twice the number of HAEs (mean of 6.3-7.7 per match)
when compared with female players (mean of 3.7-5.3 per
match).23,50 In collegiate lacrosse, male and female players
sustained comparable frequencies of HAEs; however, male
players incurred a greater PLA per HAE in comparison
with female players, possibly reflecting differences in sport-
ing rules across the codes, wherein body contact is allowed
in male and not female team competitions.44 In our study,
male players sustained a statistically higher number of veri-
fied HAEs �30g when compared with female players. This
may result from differences in match duration between pro-
fessional male and female matches, which last approximately
80 and 60 minutes, respectively.4 Other match-related fac-
tors such as head impact rate per skill execution, outlined
below, also likely contribute to the observed sex difference.

Differences in the magnitude of HAEs between the
sexes are also variable.9,44,50 It has been reported that
male hockey players are more likely to sustain impacts
greater than 100g in comparison with their female coun-
terparts.9 Only 1 study to date has explored sex effects
across impact magnitude and frequency of HAEs in a sam-
ple of community-level Australian football players. Will-
mott et al51 found comparative PLAs for HAEs �10g
obtained in a single match; however, male players sus-
tained significantly more HAEs (mean 6 SD, 31.2 6

25.2) than female players (17.6 6 13.2). In the present
study, male players sustained a median PLA comparable

Figure 4. (A, B) Two examples of a marking contest.

Figure 3. (A, B) Two examples of a contested ball on the ground (ground ball).
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with that of female players. The maximum PLA value,
however, was significantly higher in male players, suggest-
ing that sex differences in head impact magnitude may be
underestimated with analysis of average or midpoint val-
ues.45 A potential factor underpinning sex differences in
PLA is body mass. In this sample, male and female players
were comparable in height, although male players appeared
to be heavier. Body weight was available for only 16 female
players, however, thereby invalidating statistical compari-
sons of this metric. Body mass is one of many independent
risk factors that predominantly interact with other internal
(eg, skill level) and external factors (eg, sporting regulations)
underpinning injury causation.5 For example, Brainard et al9

found that male ice hockey players sustained significantly
greater PLAs in comparison with female players, who had
significantly lower weight and height in comparison with
male players. In ice hockey, body checking or purposeful con-
tact is not permitted for female players, thereby reducing the
likelihood of HAEs with a greater magnitude in comparison
with male players. In this context, the sporting regulations
serve as a protective factor for players characterized by other
predisposing factors of injury (eg, sex and body composition).

For concussion, acceleration thresholds are more widely
established in male players.41 Studies have increasingly
identified that concussion is associated with PLA values
of approximately 100g, but values can range from 70g to
145g.6,10,35,41 In the current study, male players sustained
maximum PLAs with a median (62g), which borders on

this injury threshold. An important consideration is the
potential variability in injury thresholds between individu-
als. Recently, Rowson and colleagues45 found that concussion
was associated with a linear acceleration of 68g, but this
ranged from 54g to 94g in collegiate football. Therefore,
establishing individual-specific tolerance values may be
more useful than using specific or mean acceleration values,
which have poor prognostic utility.42 This would require an
ongoing assessment of players and contributing factors sur-
rounding each individual case of concussion (eg, playing situ-
ation, level of fatigue, preexisting injury, playing surface) in
addition to routine monitoring of head impact kinematics
over a season, subject to further technological improvement.

Player Position and Player Experience

Player position was not significantly associated with fre-
quency or magnitude of video-verified HAEs, suggesting
equal positional exposure at the professional level. Previ-
ous studies have found that exposure to HAEs can be
determined by player position.11,18,19 In American football,
there is considerable variability in head impact exposure
across different positions, with mean PLAs varying
between running backs (offensive position with restriction,
60.5-77.7g) compared with linebackers (defensive position
with no restriction, 63.8-157.5g).31 In community-level
Australian football, players in midfield positions appear

TABLE 4
Verified Head Acceleration Events �30g by Cause of Impact and Sexa

Male Female

n (%) Median PLA IQR n (%) Median PLA IQR

Marking contest 32 (27.6) 50.0 37.8-73.4 20 (21.1) 37.3 32.7-54.1
Contested ball 24 (20.7) 59.7 39.0-108.2 22 (23.2) 43.5 34.0-71.2
Tackling 21 (18.1) 42.7 34.5-53.3 12 (12.6) 46.9 37.6-58.2
Being tackled 22 (19) 39.1 33.0-65.3 9 (9.5) 47.0 38.7-54.6
Ground ball 4 (3.4) 34.6 31.9-67.5 18 (18.9) 42.5 34.7-49.6
Shepherding 10 (8.6) 43.0 35.9-48.0 7 (7.4) 52.6 35.2-85.2
Other 3 (2.6) 32.8 31.9-37.2 7 (7.4) 41.1 33.1-46.9
Goal post/fence 0 (0) 0 0-0 0 (0) 0 0-0

aIQR, interquartile range; PLA, peak linear acceleration.

TABLE 5
Head Impact Rate of Verified Head Acceleration Events �30g by Skill Executiona

Male Female Total

HI AE HI/AE (95% CI) HI AE HI/AE (95% CI) HI AE HI/AE (95% CI)

Contested possessions 12 298 4 (2-7) 15 200 8 (5-12) 27 498 5 (4-8)
Marks 13 166 8 (5-13) 7 45 16 (8-31) 20 211 9 (6-14)
Handballs 6 371 2 (1-4) 2 117 2 (0-7) 8 488 2 (1-3)
Tackles 5 136 4 (2-9) 3 130 2 (1-7) 8 266 3 (2-6)
Kicks 2 373 1 (0-2) 0 246 0 2 619 0 (0-1)

aAll head impact rates per skill execution, or HI/AE, are presented per units of 100. AE, athletic-exposure defined by the number of total
skill executions; HI, number of head impacts.
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to have an increased vulnerability to injury. These players
(eg, center, wing, follower) run greater distances at faster
speeds and have the highest frequency of involvement dur-
ing the match and contact to the ground compared with
forwards and defenders.20,52 Midfielders often incur the
greatest proportion (42%-45%) of all injuries recorded per
season when compared with forwards or defenders as a result
of contact with other players.8,28 In one community-level
Australian football sample, midfielders sustained a higher
frequency of HAEs, although these were not verified by video
analysis.32 In contrast, our findings revealed that forwards
appeared to have the highest median (48g) and maximum
(61g) PLA sustained during the match, although this was
not statistically significant. It is possible that a single-match
observation may not sufficiently capture positional differen-
ces at the professional level of the match, thereby requiring
seasonal observations. Alternatively, given the movement
patterns of modern professional footballers and close proxim-
ity of the majority of players to the football at all times, it is
also possible that position designations are less relevant.

It appears that years of player experience is not neces-
sarily a protective factor with regard to head impact expo-
sure in Australian football. There is some evidence to
suggest that more experienced North American football
players develop greater situational awareness and execute
more skilled defensive and protective tactics that may
lessen the exposure to HAEs.48 In our study, the total num-
ber of years playing football, as an index of player experi-
ence, may not sufficiently account for other factors that
could also be associated with experience, such as level of
risk-taking behavior, the quality of skill being executed
(eg, number of successful marks), exercise of protective
mechanisms (eg, number of times protecting head), or
number of match infractions due to illegal play (eg, tack-
ling a player who is not in possession of the football).

Characterization of Verified HAEs

The characterization of verified HAEs �30g through use of
video analysis revealed that 52.1% (n = 110) of HAEs
occurred in playing situations when neither team had pos-
session of the ball and most often occurred between 2 play-
ers including the impacted player. The median PLA of the
second half of the match (quarters 3 and 4) ranged from
45g to 47g, whereas the median PLA of the first half (quar-
ters 1 and 2) was 41g. The most common skills executed by
the impacted player at the time of a verified HAE were
either contesting a ground ball or engaging in a marking
contest, both resulting in a notable median PLA of 47.6g.
When this finding was stratified by sex, male players sus-
tained a median PLA of 59.7g during contested play. By con-
trast, shepherding or bumping/blocking, a less common
cause of impact, resulted in a median PLA of 52.6g in female
players. At the professional level of Australian football,
male and female players are frequently subject to impacts
of a considerable magnitude as the match progresses and
during situations in which players have limited control of
the ball and their surrounding environment relative to
defensive or offensive tactics. These results demonstrate
the value of adding a secondary source of information (video

analysis) to quantify head kinematics and identify playing
situations with risk of injury to players.14,15,17

Only a small subset of HAEs (n = 12; 5.7%) resulted in
the players seeking medical aid and/or being removed
from play, and this was associated with a median PLA of
58.8g. Most of these impacts were caused by incidental con-
tact during a marking contest or contested ground ball.

Incidence rate analysis revealed that the head impact
rate occurring per marking contest was the highest among
all head impact rates per skill execution, with female play-
ers exhibiting twice the head impact rate per marking con-
test compared with male players. Male players, by
contrast, exhibited twice the head impact rate per tackle
relative to female players. At the professional level of the
AFL, a marking contest and tackling are player situations
in which concussion predominantly occurs and therefore
pose considerable risk for injury, consistent with the cur-
rent findings.34 The incidence rate per marking contest
in female players suggests that female players may have
a 2-fold risk of incurring an impact to the head in these sit-
uations compared with male players, and this may reflect
differences in skill development between the sexes.

Development of common AFL skills encompasses prac-
tice of safety behaviors to mitigate injury, such as instruc-
tions on how to land, fall, or brace for impact.2 The long-
standing involvement of male players at the professional
level of Australian football, however, has possibly resulted
in greater skill development relative to the newly intro-
duced cohort of professional female players. In 2017, the
inaugural women’s competition at the professional level
of Australian football was characterized by more congested
play with an average stoppage every 60 seconds compared
with a stoppage every 78 seconds during the men’s compe-
tition.7 In comparison with female team matches, matches
played by male teams were characterized by more success-
ful disposals and possessions of the ball, possibly reflecting
more highly developed skill execution. In addition, predic-
tors of match outcome in female teams are playing situa-
tions that are regarded as having a greater likelihood of
success, such as the ratio between the number of entries
within a 50-m boundary from the goal post (ie, ‘‘inside
50’’) and actual goals, as well as uncontested possessions
(ie, possession of the ball under no physical pressure
from the opposition).7 In fact, it has been found that win-
ning and losing female teams have similar skill profiles,
suggesting that other factors such as activity profiles or
individual physical fitness may account for match outcome.

Limitations

The current study did not examine rotational head kine-
matics. Factors potentially associated with head impact
exposure (eg, sex, player position, player experience)
have previously been associated with differences in rota-
tional acceleration.41,46 The free-roaming nature of Austra-
lian football may increase the likelihood of oblique head
impacts37 in comparison with other sports where the
match tactics lend themselves more to directional impacts,
such as North American football. The X-Patch detection of

AJSM Vol. 48, No. 6, 2020 Head Impact Exposure in Professional Australian Football 1493



PRA, however, is not sufficiently reliable for use when
compared with PLA.38,47,53

The single match exposure rate per player prevented
comparison of head impact rates across sex with other
sporting codes. Recording of HAEs across an entire season
would enable more informative measures of risk exposure
(ie, incidence rate per player per match, or player exposure
per 1000 hours) to explore determinants of risk and also
facilitate comparison across various sporting codes.

Of note, the NAB AFL women’s competition serves as the
female premiership season, whereas the JLT community
series for male players is the prelude to their premiership
season later in the year. Further, the JLT community series
is a chance for the AFL to trial rule modifications that often
aim to further protect the player and reduce injuries. There-
fore, the current results may not be generalizable across the
entire competitive male premiership season.

CONCLUSION

This study identified playing situations that resulted in
HAEs at the professional level of nonhelmeted Australian
football. Sex differences in the frequency of and maximum
PLAs sustained by professional Australian football players
were identified, with more impacts and greater maximum
PLAs sustained by male players. No statistically signifi-
cant association was evident for player position or player
experience and head impact exposure. Female players
exhibited twice the head impact exposure compared with
male players when contesting or spoiling a mark, possibly
reflecting sex differences in skill development.

Future research making categorical comparisons (eg,
male vs female) of exposure to head impacts in match set-
tings should consider exploring the upper range of PLA dis-
tribution (eg, upper percentiles) to better identify head
impact exposure that is of clinical relevance. Use of gross
descriptors—such as number of years playing football—may
not be sufficiently sensitive to represent the multifaceted
nature of risk of injury. Instead, individualized variables
(body mass, injury tolerance, risk-taking and safety, or pro-
tective behavior) and more detailed match-related factors
(eg, contact exposure due to field restrictions/match rules
and tactics) can potentially predict exposure to head
impacts in sports. Knowledge that certain playing situa-
tions have a potential to cause HAEs of greater magnitudes
(eg, marking contest) among specific players (eg, female
players) can inform match and player development with
regard to coaching drills, individual skills training, and
rule revision as required. In contact sports, increasing
rates of injuries that become apparent as the match pro-
gresses16,29,33 might be reduced by instituting the more fre-
quent interchange rotation of novice players, thereby
mitigating exposure to head impacts and possible injury.
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25. Fréchède B, McIntosh AS. Numerical reconstruction of real-life con-

cussive football impacts. Med Sci Sports Exerc. 2009;41(2):390-398.

26. Funk JR, Cormier JM, Bain CE, Guzman H, Bonugli EB, Manoogian

S. Head and neck loading in everyday and vigorous activities. Ann

Biomech Engin. 2010;39(2):766-776.

27. Funk JR, Duma S, Manoogian S, Rowson S. Biomechanical risk esti-

mates for mild traumatic brain injury. Annu Proc Assoc Adv Automot

Med. 2007;51:343-361.

28. Gabbe B, Finch C, Wajswelner H, Bennell K. Australian football: injury

profile at the community level. J Sci Med Sport. 2002;5(2):149-160.

29. Gardner AJ, Iverson GL, Quinn TN, et al. A preliminary video analysis

of concussion in the National Rugby League. Brain Inj. 2015;

29(10):1182-1185.

30. Gellner RA, Campolettano ET, Smith EP, Rowson S. Are specific

players more likely to be involved in high-magnitude head impacts

in youth football? J Neurosurg Pediatr. 2019;24(1):47-53.

31. Guskiewicz KM, Mihalik JP. Biomechanics of sport concussion:

quest for the elusive injury threshold. Exerc Sport Sci Rev. 2011;

39(1):4-11.

32. King D, Hecimovich M, Clark T, Gissane C. Measurement of the head

impacts in a sub-elite Australian rules football team with an instru-

mented patch: an exploratory analysis. Int J Sports Sci Coaching.

2017;12(3):359-370.

33. King D, Hume PA, Clark T. Nature of tackles that result in injury in

professional rugby league. Res Sports Med. 2012;20(2):86-104.

34. Makdissi M, Davis G. Using video analysis for concussion surveil-

lance in Australian football. J Sci Med Sport. 2016;19(12):958-963.

35. McIntosh AS. Biomechanical considerations in the design of equip-

ment to prevent sports injury. Proc Inst Mech Eng P J Sport Eng

Technol. 2012;226(3-4):193-199.

36. McIntosh AS, McCrory P, Comeford J. The dynamics of concussive

head impacts in rugby and Australian rules football. Med Sci Sports

Exerc. 2000;32(12):1980-1984.

37. McIntosh AS, Patton DA, Frechede B, Pierre PA, Ferry E, Barthels T.

The biomechanics of concussion in unhelmeted football players in

Australia: a case-control study. BMJ Open. 2014;4(5):e005078.

38. McIntosh AS, Willmott C, Patton D, et al. An assessment of the utility

and functionality of wearable head impact sensors in Australian Foot-

ball. J Sci Med Sport. 2019;22:784-789.

39. Naunheim RS, Standeven J, Richter C, Lewis LM. Comparison of

impact data in hockey, football, and soccer. J Trauma Acute Care

Surg. 2000;48(5):938-941.

40. Ng TP, Bussone WR, Duma SM. The effect of gender and body size

on linear accelerations of the head observed during daily activities.

Biomed Sci Instrum. 2006;42:25-30.

41. O’Connor KL, Rowson S, Duma SM, Broglio SP. Head-impact–

measurement devices: a systematic review. J Athl Train. 2017;52(3):

206-227.

42. Patricios J, Fuller GW, Ellenbogen R, et al. What are the critical elements

of sideline screening that can be used to establish the diagnosis of con-

cussion? A systematic review. Br J Sports Med. 2017;51(11):888-894.

43. Press JN, Rowson S. Quantifying head impact exposure in collegiate

women’s soccer. Clin J Sport Med. 2017;27(2):104-110.

44. Reynolds BB, Patrie J, Henry EJ, et al. Quantifying head impacts in

collegiate lacrosse. Am J Sports Med. 2016;44(11):2947-2956.

45. Rowson S, Duma SM, Stemper BD, et al. Correlation of concussion

symptom profile with head impact biomechanics: a case for individual-

specific injury tolerance. J Neurotrauma. 2018;35:681-690.

46. Schmidt JD, Pierce AF, Guskiewicz KM, Register-Mihalik JK, Pamuk-

off DN, Mihalik JP. Safe-play knowledge, aggression, and head-

impact biomechanics in adolescent ice hockey players. J Athl Train.

2016;51(5):366-372.

47. Siegmund GP, Guskiewicz KM, Marshall SW, DeMarco AL, Bonin SJ.

Laboratory validation of two wearable sensor systems for measuring

head impact severity in football players. Ann Biomed Eng. 2016;

44(4):1257-1274.

48. Swartz EE, Broglio SP, Cook SB, et al. Early results of a helmetless-

tackling intervention to decrease head impacts in football players.

J Athl Train. 2016;50(12):1219-1222.

49. Vijayakumar V, Scher I, Gloeckner DC, et al. Head kinematics and

upper neck loading during simulated low-speed rear-end collisions:

a comparison with vigorous activities of daily living. Mech Systems

J. 2006;115(6):155-166.

50. Wilcox BJ, Machan JT, Beckwith JG, Greenwald RM, Burmeister E,

Crisco JJ. Head-impact mechanisms in men’s and women’s colle-

giate ice hockey. J Athl Train. 2014;49(4):514-520.

51. Willmott CM, McIntosh AS, Howard T, et al. SCAT3 changes from base-

line and associations with X2 patch measured head acceleration in ama-

teur Australian football players. J Sci Med Sport. 2018;21(5):442-446.

52. Wisbey B, Montgomery PG, Pyne DB, Rattray B. Quantifying move-

ment demands of AFL football using GPS tracking. J Sci Med Sport.

2010;13(5):531-536.

53. Wu LC, Nangia V, Bui K, et al. In vivo evaluation of wearable head

impact sensors. Ann Biomed Eng. 2015;44(4):1234-1245.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.

AJSM Vol. 48, No. 6, 2020 Head Impact Exposure in Professional Australian Football 1495


