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the extremities were in greater evidence. These injuries are 

characterized by high- energy and comminuted fractures, vascular 

damage and important soft tissue loss. More recently, in the 

Global War Against Terrorism, reports from the United States 

Navy Medical Corps revealed an incidence of 58 to 88% of 

firearm injuries, with 23 to 39% of fractures in more than 56,000 

patients (2). 

The increasing use of high-energy weapons in modern warfare is 

associated with severe vascular injuries. The amputation rate of 
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Abstract  
Aim: To determine the exposure to subconcussive and concussive head injuries during 

amateur women’s netball. 

Method: Eleven female amateur netball players were monitored during a netball 

season with X2 accelerometers for impact exposures above 10 g and the King-Devick 

test for neuropsychological outcomes. The clinical concussion rate was recorded. 

Results: A mean of 3 ±2 impacts >10 g were recorded per-player per-match. Players 

in centre positions recorded more impacts to the head than attack (RR: 1.8 [95% CI: 

1.4 to 2.2]; p<0.0001) and defence (RR: 1.6 [95% CI: 1.3 to 1.9]; p=0.0002) positions, 

but a lower median resultant peak linear acceleration (13 [11-18]g) when compared 

with attack (χ2
(1)=90.0; p<0.0001; z=-8.9; p<0.0001) and defence (χ2

(1)=105.0; 

p<0.0001; z=-8.4; p<0.0001) positions. There were four concussions identified over 

the study resulting in a concussion incidence of 33.6 per 1,000 match hours. For 

players without any signs of a concussive injury, a median difference of 0.8 [0.4 to 

2.8] seconds between baseline and post-match K-D assessments was noted (z=-2.0; 

p=0.04217). 

Conclusion: Netball players experience significant head impacts capable of causing 

clinical concussion. Furthermore, they experience repetitive head impacts in excess of 

subconcussive thresholds. Impact frequency and magnitude are player position 

dependent. 

Key Points: 

• Amateur netball players recorded an average of 3 impacts to the head per-

player per-match. 

• Use of the head impact biomechanics RWECP >0.75 was able to identify 

player at risk of a concussive injury 

• Although the median linear accelerations were lower than the median of other 

sporting activities, the median rotational accelerations recorded were similar 

to those reported for women’s soccer, youth rugby union and rugby league. 

• Centre players had higher player loads (player load per-minute, forward per-

minute, sideward per-minute, and vertical per-minute) than any other position 

 

Introduction: 
 

First invented in the late nineteenth century,[1] netball was designed as a version of 

basketball, but with rules to “de-power” the game making it “more suitable” for 

women [2]. Predominately a female team court sport,[3] netball is typically played by 

two teams with seven players each over 4 x 15 minute quarters. The netball court is 

15.25 m x 30.5 m divided into equal thirds defining where particular player positions 

are able to move. The aim of the game is to score a goal through an elevated ring, at 

the top of a 3.05 m high pole [3]. The rules require the game to be played without any 

contact, with players unable to run with the ball, being allowed only one step with the  

That is why these remedies are notified as one of the best therapeutic options in the 

field of renewing and wound healing therapies.[2] The nanodrugs delivery tools and 

devices such as inorganic nanoparticles, liposomes, nanofibrous structures, polymeric 

nanoparticles, lipid nanoparticles, and nanohydrogel, are holding pivotal features and 

to be used as recreating and wound healing therapeutics. Recently, the wound 
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ball, which must be passed within three seconds [3].  

American soldiers in World War II was 35.8% after repair and 

Despite these rules, the speed at which the game is played and the 

permission of player movement in flight, inevitably results in 

player collision. Whilst most collisions appear innocuous, 

significant injuries are sustained requiring player removal and 

medical attention. In addition, the repetitive sudden deceleration 

and landing from jumping has raised the hypothesis that netball 

players are exposed to repetitive subconcussive injuries. 

This study, therefore undertook to record the frequency, duration, 

magnitude and location of head impacts that occur to players 

participating in a premier one domestic amateur netball 

competition over a single season of matches. As a result of this 

monitoring, the study also undertook to record the incidence of 

diagnosed concussions that occurred from match participation. 

 

Methods 
 

A prospective cohort design was used to study the head impact 

frequency, magnitude and duration during women’s netball 

matches. Eleven female amateur netball players were enrolled 

into the study with a mean (±SD) age of 23.5 ±6.2 yr. The players 

competed in 17 competition matches resulting in match exposure 

of 119.0 hours. Players were placed into three positional groups: 

(1) Defence (n=3: Goal Keep; Goal Defence; Wing Defence); (2) 

Attack (n=3: Goal Shoot; Goal Attack; Wing Attack); and (3) 

Centre (n=1). The player positions were categorised according to 

the primary playing position at the start of the match and some 

players were interchanged into other positions during the matches. 

All matches were played indoors on a sprung wooden floor at the 

same venue throughout the study. The lead researchers’ university 

ethics committee (AUTEC 16/35) approved all procedures in the 

study and all players gave informed consent prior to participating 

in the study. 

 

Head impact biomechanics 
 

Head impact exposure was measured with the XPatch 

(X2Biosystems, Seattle, USA). The XPatches were synchronised 

the morning of every match. The XPatch is a 1 cm x 2 cm device 

that measures acceleration and is mounted with a single-use 

adhesive behind the right ear. Containing a triaxial accelerometer 

and a triaxial angular rate gyroscope to capture six degrees of 

freedom for linear acceleration and rotational velocity, the XPatch 

has a 4.2 v battery and a small memory chip measuring 

continuously at 1 kHz for impacts greater than a pre-set level of 

10 g. This threshold was chosen based on a review of previously 

published studies[4, 5] and given that running and jumping elicit 

~9.5g of linear head acceleration [6]. Prior to the players 

commencing their warm-up, the lead researcher applied the 

XPatch behind each player’s right ear ensuring it was fitted over 

the mastoid process and that loose hair was not in the adhesive. 

The patches were allocated to individual players’ and the players’ 

positions were recorded. Data collection was delimited to matches 

only - not team training sessions. 

When an impact above the threshold (10 g) occurred, the device 

saved 10-ms prior to the impact and 90-ms after the impact 

providing X, Y and Z coordinates of acceleration at 1-ms 

intervals. Peak linear acceleration (PLA) was measured and peak 

rotational acceleration (PRA) was then calculated. The time stamp 

of the match was synchronised with the XPatch prior to every 

game. The frequency, location, PLA, PRA and duration of all 

head impacts ≥ 10 g threshold of linear acceleration were recorded 

by the XPatch for each match and stored on the device until 

uploaded. 

Prior to statistical analysis, the raw data were reduced in the 

following manner. Data captured on the XPatch were uploaded to 

the Impact Management System (IMS) provided by 

X2Biosystems. The data were then downloaded and filtered 

through the IMS to remove any spurious linear acceleration that 

did not meet the proprietary algorithm for a head impact [7]. The 

data underwent a second filtering waveform parameter 

proprietary algorithm during data exporting to remove spurious 

linear acceleration data with additional layers of analysis [7]. This 

included the area under the curve, the number of points above 

threshold and filtered versus unfiltered peaks [7]. The remaining 

data were exported onto an Excel spreadsheet (version 2016; 

Microsoft Corporation, Redmond, WA) for visual examination. 

The data were then reviewed by impact time stamps (hr:min:s) to 

identify identical and sequential patterns for each player. Time 

stamps with multiple (≥2) linear accelerations having the same 

impact time stamp in quick succession, milliseconds after the 

preceding impact were removed. Once the review was completed, 

the data estimates were adjusted to estimates of the Hybrid III 

headform criterion standard[8] and all impacts <10 g were 

removed (n=38) from the database.  

The impact variables were non-normally distributed with 

skewness of 3.37 (SE=0.13) and kurtosis of 17.23 (SE=0.25), 

therefore data were expressed as median [IQR] and 95th 

percentile. Three measures of impact frequency were computed 

for each player: (1) player position impacts, the total and median 

number of head impacts recorded for the playing position for all 

matches; (2) player group impacts, the total and median number 

of recorded head impacts for the playing group (defence, attack 

and centres) for all matches and (3) impacts per match, the total 

and median number of impacts per match for all matches.  

The head impact location variables were computed as previously 

explained[4, 9, 10] and were categorised as front, side, back and 

top [11]. Head impacts were also assessed for injury tolerance 

level,[12-14] for impact severity,[15-17] and Risk Weighted 

Exposure Combined (linear and rotational) Probability (RWECP) 

[18]. The RWECP is a logistic regression equation and regression 

coefficient of injury risk prediction of an injury occurring[19-22] 

and combines the linear and rotational accelerations to elucidate 

individual player and team-based exposure to head impacts. The 

RWECP were evaluated by values of 25% risk (<0.2500) 25% to 

75% risk (0.2500-0.7500) and >75% risk (>0.7500).  

 

King-Devick test in association with Mayo Clinic 
 

The K-D test is a neuropsychological test that measures the speed 

a participant performs rapid number naming in a timed manner 

[23]. The test takes less than two minutes to administer [24, 25]. 

The K-D test involved the player’s reading aloud a series of 

random single-digit numbers from left to right. The K-D test 

included one practice (demonstration) card and three test cards 

varied in format as an application on an IPad Air2 platform. 

Players were asked to read the numbers from left to right across 

the card as quickly as they could without making any errors using 

standardised instructions. The time was kept for each test card, 

and the K-D summary score for the entire test was based on the 

cumulative time taken to read all three test cards. The number of 
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errors made in reading the test cards was recorded.  

Baseline K-D times for all participants were established prior to 

the study as part of their pre-competition assessment. The best 

time (fastest) of two trials 10 minutes apart, without errors, 

became the established baseline K-D test time [24]. When head 

trauma was suspected, or the participant had a RWECP of 0.75 or 

greater, the K-D test was used as a screening tool. The test was 

administered once using the same instructions and the time and 

errors recorded then compared to the subject's baseline. 

Worsening of time and/or errors identified on the sideline or post-

match K-D test have been associated with concussive injury [24-

30]. All participants with worsening of time and/or errors on their 

K-D were referred for a full medical assessment by a health 

practitioner. Only those participants with a medical diagnosis of 

concussion were recorded as such in the study. 

The K-D test performance is unaffected by various noise levels 

and testing environments [31]. The K-D test has been reported to 

have significant correlations (p<0.0001) with the visual motor 

speed (VMS), reaction time (RT), verbal memory (VEM) and 

visual memory (VIS) of the Immediate Post-concussion 

Assessment Cognitive Test (ImPACT®) [32] computerised 

concussion evaluation system. The K-D test has a reported inter-

class correlation for test-retest reliability of 0.96 [33] and 0.97 

[24]. The K-D test utilised was v3.0 

(http://www.kingdevicktest.com) on an IPad Air2. The IPad Air2 

version enables the use of the K-D test with three different number 

sets and these were varied over the study. Test set 1 was used for 

all baseline assessments. The other 2 test sets were varied each 

week to ensure the same set was not used twice in a row.  

 

Statistical Analysis 
 

The data were exported onto an Excel spreadsheet and analysed 

with SPSS (V.25.0.0). Total frequency impact burden per-match 

was analysed using a Kruskal-Wallis one-way ANOVA with a 

Dunn’s post-hoc test for all pairwise comparisons with player 

positions. Although to date there is no standardised method to 

quantify total frequency impact burden, [13] the sum of linear and 

rotational accelerations associated with each individual head 

impact per-match over the study was calculated for these 

parameters. Head impact exposure including impact duration, 

frequency, magnitude and location of impacts were quantified 

using established methods [34, 35].  

Median peak linear and rotational accelerations and impact 

locations between player positions were assessed using a 

Friedman repeated measures ANOVA on ranks with a Wilcoxon 

signed-rank test for post hoc analysis with a Bonferroni correction 

applied. Impact locations were analysed by front, back, side and 

top impacts using a Friedman repeated measures ANOVA on 

ranks by comparing impacts sustained in each location. A one 

sample chi-squared (χ2) test and risk ratio (RR), with 95% 

confidence intervals (CI), were used to determine whether the 

observed impact frequency was significantly different from the 

expected impact frequency. Statistical significance was set at 

p<0.05. 

 

Results 
 

During competition there were 366 impacts (range 10 g to 118 g) 

recorded over 10 g (see Table 1) with a mean of 22 ±11 impacts 

per-match resulting in a mean of 3 ±2 impacts per-player per-

match. Players recorded a median [IQR] and 95th percentile of 13 

[11 to 20] g, and 43 g respectively for resultant peak linear, and 

2,395 [1,402 to 4,556] rad/s2 and 11,427 rad/s2 respectively for 

resultant peak rotational accelerations. As a result, players 

recorded a median [IQR] and 95th percentile RWECP of 0.0005 

[0.0002 to 0.0039] and 0.7507 respectively. Centre players 

recorded more impacts to the head than attack (RR: 1.8 [95% CI: 

1.4 to 2.2]; p<0.0001) and defence (RR: 1.6 [95% CI: 1.3 to 1.9]; 

p=0.0002) players during the study. Centre players recorded a 

lower median resultant peak linear acceleration (13 [11-18] g) 

when compared with attack (χ2
(1)=90.0; p<0.0001; z=-8.9; 

p<0.0001) and defence (χ2
(1)=105.0; p<0.0001; z=-8.4; p<0.0001) 

players. Attack players recorded a higher mean impact duration 

(17.9 ±14.3 ms) when compared with defence (χ2
(1)=12.0; 

p=0.0005; z=-5.0; p<0.0001) and centre (χ2
(1)=11.9; p=0.0006; 

z=-5.1; p<0.0001) players. 

 

Impact to the head PLA (g) PRA (rad/s2) RWECP 

Total 

n= 

Per-

match 

Mean 

±SD 

Per-

player 

per-

match 

Mean 

±SD 

Impact 

duration  

(ms) 

Mean 

±SD 

Median 

[IQR] 95th 

Total 

Frequency 

Impact 

burdeni 

Median 

[IQR] 95th 

Total 

Frequency 

Impact 

burdeni Median [IQR] 95th 

Total 366 22 ±11 3 ±2 12.1 ±10.5 
13 [11 - 

20] 
43 6,614 

2,395 

[1,402 - 

4,556] 

11,427 1,307,842 
0.0005 [0.0002 

- 0.0039] 
0.7507 

Defence$ 105c 6 ±3 3 ±2 8.8 ±6.8b 
14 [12 - 

22]bc 
43 1,959 

2,918 
[1,768 - 

5,348]c 

11,560 442,360 
0.0008 [0.0003 

- 0.0109]c 
0.7873 

Attack 94c 6 ±5 3 ±2 
17.9 

±14.3ac 
12 [11 - 

19]ac 
47 1,702 

2,283 [746 
- 4,703] 

12,061 320,152 
0.0005 [0.0001 

- 0.0056] 
0.8126 

Centre$ 167ab 10 ±5 6 ±4 11 ±8.5b 
13 [11 - 

18]ab 
42 2,953 

2,329 

[1,410 - 

3,876]a 

10,661 545,329 
0.0005 [0.0002 

- 0.0021]a 
0.6462 

Goal 
Keep 

25fgi 2 ±1 2 ±1 
10.0 

±6.0efi 
17 [13 - 
23]efghi 

40 460 

3,234 

[2,053 - 

7,897]efghij 

14,040 122,532 
0.0012 [0.0004  

-0.1138]efghi 
0.9333 

Goal 

Defence 
28fgi 2 ±2 3 ±2 7.5 ±6.7dhij 

12 [1 1- 

19]dfghij 
46 483 

2,114 
[1,184 - 

4,106]dghij 

11,540 98,655 
0.0004 [0.0002 

- 0.0028]dghij 
0.7974 

Wing 
Defence$ 52deghj 4 ±2 3 ±2 9.0 ±7.2dhij 

15 [12 - 
24]deghij 

45 1,016 
3,024 

[1,783 - 
11,456 221,173 

0.0009 [0.0003 
- 0.0109]dghij 

0.5407 
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5,264]dghij 

Centre$ 167defhij 10 ±5 6 ±4 11.0 ±8.5i 
13 [11 - 

18]defhij 
42 2,953 

2,329 

[1,410 - 
3,876]defhj 

10,661 545,329 
0.0005 [0.0002 

- 0.0021]defhj 
0.6462 

Wing 

Attack 
18fgi 2 ±1 2 ±1 

10.6 

±7.8efi 

17 [11 - 

36]defgij 
* 404 

3,813 

[2,096 - 
6,653]defgij 

* 88,822 
0.0019 [0.0004 

- 0.0319]defgij 
* 

Goal 

Attack 
55deghj 4 ±3 4 ±3 

23.7 

±15.3defghj 

12 [10 -

1 6]defghj 
54 948 

1,120[31 - 

4,666]defhj 
12,465 153,820 

0.0002[0.0001 

- 0.0045]defhj 
0.8137 

Goal 

Shoot 
21gi 2 ±1 2 ±1 9.0 ±5.9efi 

16 [12 - 

20]defghi 
35 350 

2,514 
[2,078 - 

4,111]defghi 

13,948 77,510 
0.0007 [0.0004 

- 0.0027]efghi 
0.9164 

ms = milliseconds; PLA = Peak Linear Acceleration; PRA (rad/s2) = Peak Rotational Acceleration in radians per second per second; 

RWECP = Risk Weighted Exposure (Combined Probability) $ = concussion recorded; (i) = The total impact frequency is the sum of 

all of the impacts by linear and rotational accelerations; Significant difference (p<0.05) then (a) = Defence; (b) = Attack; (c) = Centre; 

(d) = Goal Keep; (e) = Goal Defence; (f) = Wing Defence; (g) = Centre; (h) = Wing Attack; (i) = Goal Attack; (j) = Goal Shoot 

Table 1: Impacts to the head greater than 10 g in amateur women’s premier netball over a domestic competition season by total 

impacts recorded and player position group for total impacts, impacts per match, impacts per-player per-match, impact duration, 

resultant peak linear and rotational accelerations. Data are presented as mean (± standard deviation), median [25th to 75th interquartile 

range], 95th percentile and total frequency impact burden. 

 

The total number of head impacts, resultant peak linear and rotational accelerations and the total frequency impact burden by 

individual player positions were captured (see Table 2). There were observable differences in the impact duration (χ2
(6)=31.2; 

p<0.0001), resultant peak linear (χ2
(6)=87.8; p<0.0001) and rotational (χ2

(6)=56.8; p<0.0001) accelerations and the RWECP (χ2
(6)=59.7; 

p<0.0001) score by player positions over the study. The centre recorded a mean of 6 ±4 impacts per-match, the wing attack recorded 

the highest median resultant peak linear acceleration of 17 [11-36] g and the highest median resultant peak rotational acceleration of 

3,813 [2,096 to 6,653] rad/s2. Centre players recorded the highest total frequency impact burden for resultant peak linear (2,953 g) 

and rotational (545,239 rad/s2) accelerations. The wing attack recorded the highest median RWECP of 0.0019 [0.004 to 0.0319] over 

the study. 

 
 Impacts Duration 

(msec) 

Mean ±SD 

PLA (g) PRA (rad/s2) RWECP 

  Location No. % 
Median 

[IQR] 
95th  Median [IQR] 95th  Median [IQR] 95th  

Total (n=11)  

 Front 54cd 14.8 12.9 ±11.0b 16 [13-36]bcd 69 3,960 [2,511-8,842]bc 14,376 0.0019 [0.0006-0.2808] 0.9855 

 Back 
71cd 19.4 9.1 ±7.1a 14 [12-22]acd 39 

2,877 [1,576-

5,342]acd 10,816 0.0008 [0.0002-0.0106] 0.5709 

 Side 
232abd 63.4 12.9 ±11.2 13 [11-16]abd 37 

2,048 [1,281-

3,628]abd 9,822 0.0004 [0.0002-0.0015] 0.3129 

 Top 9abc 2.5 10.8 ±8.9 20 [11-27]abc * 3,791 [2,267-6,802]bc * 0.0022 [0.0004-0.0763] * 

Defence 

(n=5) 
 

 Front 
18 17.1 5.7 ±3.3fg 13 [11-16]bcfg * 

2,608 [1,979-

3,106]bfg * 
0.0006 [0.0003-

0.0012]bfg * 

 Back 
33 31.4 8.7 ±5.6cg 13 [11-24]acdfg 37 

2,286 [1,186-

5,534]afg 9,062 
0.0004 [0.0002-

0.0128]afg 0.2451 

 Side 
49 46.7 9.8 ±7.9bdfg 16 [12-24]abfg 46 3,190 [1,872-6,828]fg 15,483 

0.0014 [0.0003-

0.0370]fg 0.9878 

 Top 5 4.8 11.4 ±9.9c 20 [11-36]b * 3,791 [2,125-8,382] * 0.0022 [0.0006-0.4114] * 

Attack (n=4)  

 Front 
16 17.0 11.8 ±7.7bce 17 [14-40]bce * 4,741 [2,439-8,635]e * 

0.0056 [0.0006-

0.2529]bce * 

 Back 
23 24.5 9.4 ±9.0aceg 14 [11-21]aceg 60 2,972 [1,641-5,182]eg 15,057 

0.0008 [0.0003-

0.0052]acg 0.9884 

 Side 
53 56.4 23.6 

±15.2abeg 11 [11-16]abeg 44 1,517 [28-2,929]e 11,018 
0.0002 [0.0001-

0.0009]abe 0.6790 

 Top 2 2.1 13.5 ±13.4 20 * * 5,286 * * 0.0723 * * 

Centre 

(n=2) 
 

 Front 
20 12.0 20.4 ±13.1bce 28 [15-43]bce 117 

7,036 [3,616-

11,297]bce 21,589 
0.0478 [0.0015-

0.7293]bce 0.9995 

 Back 
15 9.0 9.5 ±7.1af 18 [12-22]acef * 

3,449 [1,726-

4,756]acef * 
0.0017 [0.0003-

0.0044]ace * 

 Side 
130 77.8 9.8 ±6.7aef 13 [11-15]abef 30 

1,941 [1,368-

2,816]abe 5,764 
0.0003 [0.0002-

0.0008]abe 0.0172 

 Top 2 1.2 6.5 ±0.7 18 * * 3,720 * * 0.0040 * * 
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second; RWECP = Risk Weighted Exposure (Combined Probability); (i) = The total impact frequency is the sum of all of the impacts 

by linear and rotational accelerations; * = Unable to calculate; Significant difference (p<0.05) than (a) = Front; (b) = Backs; (c) = 

Side; (d) = Top; (e) = Defence; (f) = Attack; (g) = Centre 

Table 2: Impacts to the head greater than 10 g in amateur women’s premier one netball team over a single domestic competition 

season of matches by total impacts and player-position group for impact location, total impacts, impact duration, resultant peak linear, 

peak rotational accelerations and risk weighted exposure (combined probability). Data are presented as median [25-75th interquartile 

range], 95th percentile and total frequency impact burden. 

 

The side of the head (n=232) recorded more impacts than the back (χ2
(1)=85.5; p<0.0001), front (χ2

(1)=110.8; p<0.0001) and top 

(χ2
(1)=206.3; p<0.0001) of the head (see Table 3). Attack players recorded a longer mean impact duration (23.6 ±15.2 ms) to the front 

of the head than centre (χ2
(1)=19.6; p<0.0001; z=-5.2; p<0.0001) and defence (χ2

(1)=8.3; p=0.0039; z=-2.0; p<0.0001) player positions. 

Defence players recorded a higher median peak resultant linear acceleration impact to the side of the head (16 [12 to 24] g) than 

centres (χ2
(1)=49.0; p<0.0001; z=-3.7; p=0.0002) and attack (χ2

(1)=49.0; p<0.0001; z=-3.4; p=0.0005) player positions. Centres 

recorded a higher median peak resultant rotational acceleration (7,036 [3,616 to 11,297] rad/s2) to the front of the head than attack 

(χ2
(1)=4.0; p=0.0455; z=-1.8; p=0.0703) and defence (χ2

(1)=18.0; p<0.0001; z=-3.7; p=0.0002) player positions. As a result, centres 

recorded a higher median RWECP (0.0478 [0.0015 to 0.7293]) to the front of the head than attack (χ2
(1)=4.0; p=0.0455; z=-1.5; 

p=0.0796) and defence (χ2
(1)=18.0; p<0.0001; z=-3.7; p=0.0002) player positions. There were 68 impacts (19%) recorded above the 

rotational injury risk limit (see Table 4). Centres recorded more impacts in the moderate rotational acceleration (4,600 to 7,900 rad/s2) 

than defence (p=0.4233) and attack (p=0.0863) player positions. The majority of impacts were in the mild impacts severity limit for 

linear (99%), rotational (75%) and RWECP (91%) data acquisition limits. 

 

   Total Defence Attack Centre 

   n= (%) n= (%) n= (%) n= (%) 

Injury Tolerance 

 Linear >95g 1 (0.3) 0 - 0 - 1 (0.6) 

 Rotational  >5,500 rad/s2 68 (18.6) 25 (23.8) 19 (20.2) 24 (14.4) 

Injury Severity (Linear) 

 Mild <66g 363 (99.2) 104 (99.0) 94 (100.0) 165 (98.8) 

 Moderate 66-106g 2 (0.5) 1 (1.0) 0 - 1 (0.6) 

 Severe >106g 1 (0.3) 0 - 0 - 1 (0.6) 

Injury Severity (Rotational) 

 Mild <4,600 rad/s2 275 (75.1) 70 (66.7) 70 (74.5) 133 (79.6) 

 Moderate 4,600-7,900 rad/s2 49 (13.4) 17 (16.2) 12 (12.8) 22 (13.2) 

 Severe >7,900 rad/s2 42 (11.5) 18 (17.1) 12 (12.8) 12 (7.2) 

Risk Weighted Exposure combined probability (RWECP) 

 Mild <0.2500 334 (91.3) 94 (89.5) 84 (89.4) 156 (93.4) 

 Moderate 0.2500-0.7500 17 (4.6) 5 (4.8) 3 (3.2) 5 (3.0) 

 Severe >0.7500 15 (4.1) 6 (5.7) 7 (7.4) 6 (3.6) 

Table 3: Impacts to the head greater than 10 g amateur women’s premier netball over a single domestic competition season of matches 

for total impacts recorded and impacts per player positional group for injury tolerance level,[12-14] and impact severity limits,[15-

17] and risk weighted cumulative exposure (combined probability)[18] by total impacts recorded and percentage of impacts recorded 

(%). 

 

Eight players recorded impacts above the RWECP of 0.75 over the (see Table 5). Four concussions were identified over the duration 

of the study resulting in a concussion incidence of 33.6 per 1,000 match hours. All eight players were tested on the King-Devick test 

and three players recorded changes in their post-match assessment when compared with their baseline K-D test. One Centre player 

recorded two concussions over the competition and did not compete after the second concussion. There was a median (worsening) 

difference of -5.5s [-6.5 to -3.6 s] between the baseline and post-match K-D assessments (z=-1.8; p=0.0679) for players with a 

confirmed concussion. Players without any signs of a concussive injury recorded a median (increase) difference of 0.8 [0.4 to 2.8] s 

between baseline and post-match K-D assessments (z=-2.0; p=0.0427). There were observable differences between concussed and 

non-concussed players for median resultant peak linear (χ2
(1)=4.5; p=0.0039; z=-2.2; p=0.0251), rotational accelerations (χ2

(1)=8.0; 

p=0.0047; z=-2.5; p=0.0117) and RWECP (χ2
(1)=8.0; p=0.0047; z=-2.5; p=0.0.0117) values. 

 Impacts PLA (g) PRA (rad/s2) RWECP King-Devick Test 

  n= 
Median 

[IQR] 
Median [IQR] Median [IQR] B 1 (s) P-M 1 (s) Diff (s) 
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Wing 

Defence$ 
2 57 - 16,240 - 0.9962 - 46.4 51.5 -4.6 

Goal Shoot 1 36 - 14,336 - 0.9681 - 44.7 43.9 0.8 

Centre$* 1 44 - 14,896 0.9839 - 36.0 42.5 -6.5 

Centre 2 42 - 11,853 - 0.8188 - 49.4 44.8 4.6 

Goal Defence 2 64 - 14,720 - 0.9884 - 37.2 36.8 0.4 

Goal Attack 1 48 - 11,599 - 0.8144 - 36.3 35.3 1.0 

Goal Defence$ 1 56 - 11,992 - 0.8885 - 42.3 45.6 -3.3 

Goal Keep 2 38 - 13,331 - 0.8861 - 44.3 43.9 0.4 

Centre$* 3 
91 [57-

118] 

13,843 [12,016-

21,941] 

0.9906 [0.8926-

0.9999] 
35.8 42.2 -6.4 

Total 
15 

48 [38-

65] 

14,023 [11,933-

15,152] 

0.9743 [0.8186-

0.9928] 

42.3 [36.5-

45.6] 

43.9 [39.5-

45.2] 

0.4 [-5.5-

0.9] 

Total non-

concussed 
5 

40 [37-

47]a 

11,953 [11,568-

13,789]a 

0.8228 [0.7955-

0.9482]a 

44.3 [36.8-

47.1] 

43.9 [36.1-

44.4] 

0.8 [0.4-

2.8]a 

Total 

concussed 
7 

64 [50-

85] 

15,067 [13,933-

16,252] 

0.9920 [0.9834-

0.9967] 

39.2 [35.9-

45.4] 

44.1 [42.3-

49.7] 

-5.5 [-6.5- 

-3.9] 

$ = concussion identified; * = 3 impacts >0.7500 recorded in 1 match; PLA(g) = Peak Linear Accelerations; PRA(rad/s2) = Peak 

Rotational Accelerations recorded in radians per second per second; RWECP = Risk Weighted Exposure (Combined Probability); s = 

seconds; B = Baseline; P-M = Post-Match; Diff = Difference; Significant difference (p<0.05) than (a) = concussed players 

Table 4: Players with Risk Weighted Exposure (Combined Probability) greater than 0.75 by number of impacts, resultant peak linear 

and rotational accelerations, risk weighted exposure (combined probability) and King-Devick test results for amateur premier one 

netball players over a domestic competition season. Data are reported as median [25th to 75th interquartile range] and seconds. 

 

Discussion 
 

This study reports for the first time, the frequency, duration, 

magnitude and location of head impacts that occur on players 

participating in a premier one domestic amateur netball 

competition over a single season of matches. Despite netball being 

a ‘non-contact’ sporting activity, high magnitude impacts (>80 g) 

were experienced by this cohort during match participation. This 

level of severity was similar to impacts reported in other studies 

[10, 12, 34-38]  reporting on contact sporting activities such as 

rugby, however the current cohort of players were female 

participating in a non-contact sporting activity. As there are no 

other studies reporting on head impact biomechanics in women’s 

netball, the comparisons were limited to contact sporting activities 

such as women’s soccer, [39] American football [12, 36, 37, 40-

43] and New Zealand youth (U9) rugby union [10] and U11 rugby 

league [38]. 

Netball is classically thought of as a non-contact sport, designed 

to depower basketball and make it “more suitable” for women [2]. 

However, the speed at which the game is now played, particularly 

with players travelling in flight, questions how “depowered” the 

sport actually is. Furthermore, because of the limitation that 

players are only allowed to take one step with the ball in hand, it 

is clear, whilst watching a game that players are exposed to rapid 

acceleration and deceleration movements often caused by bodies 

coming into contact when stopping once they have the ball. This 

stochastic nature of netball has been attributed to the high number 

of orthopaedic injuries sustained during participation in this sport 

[44, 45]. It therefore seems intuitive that, during the course of the 

game, players are exposed to linear impact forces, in excess of 10 

g, which may result in sub-concussive type injuries [4, 5]. 

However, to date, no data exists on the head impact exposure that 

netball players incur. Additionally, the rate of concussive injuries 

has also not been determined. 

This study, of amateur netball players, playing a competitive 

season indoors on a sprung wooden floor, revealed a concussive 

rate of 33.6 per 1,000 match hours and a mean of 3 ±2 impacts 

>10 g per-player per-match. Thus, netball, while described as a 

non-contact, depowered sport, does in fact expose players to 

repetitive impacts resulting in subconcussive and concussive 

injuries. In assessing for the effects of sub-concussive and 

concussive type injuries, the K-D test was utilised. This sideline 

rapid-number naming test can test for changes in visual 

processing as 7/12 cranial nerves, along with approximately 30% 

of the brain [46, 47] are involved in this process such as saccadic 

eye movements. Saccadic eye movements can be utilised to assess 

cognitive domains such as attention, spatial and temporal 

orientation and working memory [27, 48]. These saccadic eye 

movements need to be both accurate, and fast, to effectively 

acquire image information in real time and are particularly 

demanding on the brain [27, 49]. Injuries resulting in the 

disruption of areas involved in the production and regulation of 

saccades can result in changes in these cognitive domains.[27] 

Undertaking the K-D test enables the analysis of numerous 

circuits throughout the brain involved in motivation, visual-

spatial integration, attention, motor planning, and spatial 

organisation [50] as well as seven of the cranial nerves [46, 47]. 

The K-D test requires the utilisation of saccades to enable 

completion of the test, and may also reflect concentration and 

language function [27]. Injuries to any of the areas involved in 

saccade production and regulation may explain the eye movement 

and memory related problems that can occur following a 

concussive injury [27]. 
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All players were observed for any impacts, or being knocked to 

the ground and, if this occurred, the players were assessed on the 

side of the court with the K-D test in line with previous guidelines 

[51]. Only one player over the study was observed to have 

suffered an impact to the head and was assessed courtside with a 

resulting delay (worsening) of the K-D test when compared with 

her baseline. The player’s head impact biomechanics were also 

reviewed post-match and she recorded the maximum result peak 

linear (118 g) and rotational (21,941 rad/s2) accelerations over the 

study. Post-match all the head impact biomechanics data were 

downloaded and screened for the RWECP. Any individual impact 

with a RWECP >0.75 were recorded and the coach of the team was 

notified. Individual players were assessed the following day with 

the K-D test and if they had a delay or worsening of the time from 

their baseline they were referred for a further evaluation by a 

health professional. Although not all players with a RWECP >0.75 

recorded changes from their baseline K-D score, players with an 

RWECP >0.98 did record a worsening of the post-match times on 

the K-D when compared with their baseline score. As a result, 

there were three concussions that were identified through the 

combined use of the XPatch and the K-D test.  Future studies 

recording head impact biomechanics may consider the use of the 

RWECP to assist with the identification of concussive injuries in a 

non-contact sport such as netball. 

The average number of impacts to the head recorded per-player 

per-match was less than youth American football players (5.8 [40] 

to 12 [41]), women’s soccer (7.2) [39] and youth rugby union (10) 

[10] and rugby league (13) [38]. When compared by player 

positional groups, impacts for the centre (6 ±4) were similar to the 

6 to 9 yr old American football players (5.8) [40] and women’s 

soccer (7.2) [39]. The median linear acceleration (13g) recorded 

per-player per-match for the netball players was higher than the 

median reported for 9 to12 year old American football players 

(18g) [42] but lower than the median reported for youth American 

football players (16g,[43] 18g [42] and 22g[41]), youth rugby 

union (15g) [10] and rugby league (16g) [38] players. The median 

rotational acceleration (2,395 rad/s2) recorded per-player per-

match for the netball players was higher than the median reported 

for 7 to 8 year olds (686 rad/s2), [43] 9 to 12 year olds(829 rad/s2), 

[42] 12 to 14 year olds (987 rad/s2), [41] high school [36, 37] (903 

rad/s2) and collegiate (904-981 rad/s2) [21, 35] American football 

players. When compared with women’s soccer (2,094 rad/s2), [39] 

youth rugby union (2,296 rad/s2) [10] and rugby league (2,773 

rad/s2) [38] players, the results were similar for the netball players.  

Head impact exposure varies with player position with centre 

players recording more impacts than attack and defence players. 

However, the magnitude of the impact was lower when compared 

with the attack and defence playing positions. Whilst it is 

unknown what frequency, or magnitude, of head impact 

constitutes a long-term risk to the player, it is of interest to note 

that these parameters are position specific, which may allow for 

position specific preventative therapy and training. The finding 

that the resultant peak rotational accelerations were similar to 

other non-helmeted sports was unexpected, especially when 

considering that netball is considered a non-contact game. 

Although women’s soccer [39] is non-contact they do allow head 

contact with the ball, are able to run while in control of the ball 

and can physically attempt to retain possession. Netball requires 

the players to stop once they receive the ball, not to make physical 

contact and to release the ball within a limited time period.  

Inter-study comparisons can be difficult given different thresholds 

utilised to count an impact and standardization of this has been 

called for [5].  For example, the data acquisition limit of 30g was 

utilised for the recording of impacts to the head for Pop Warner 

youth football [52]. Other studies have utilised a 10g [40] 14.4g 

[41-43] and 15g [12, 13, 36]  impact threshold limit. By utilising 

a 30g data acquisition threshold, approximately 80 to 85% of the 

impacts may have been excluded from the data set [52]. Daniel 

[40] reported on 6 to 9 yr. old American football players, 

approximately 85% of the impacts recorded had a linear 

acceleration <30 g. Cobb [42]  reporting on 9 to 11 yr. old 

American football players recorded 80% of impacts at 30g. 

Although some of these published studies were included as 

comparisons with the current study, the comparisons should be 

undertaken with caution as the reported data acquisition limit 

utilised in the current study was set at 10g. The variation of impact 

thresholds limits inter-study comparisons and a standardised 

reporting format for impacts needs to be established [5] 

identifying which parameters should be included (and at what 

linear data acquisition limit the data should be reported from. The 

identification of thresholds for head impacts that are sub-

concussive versus non-sub-concussive is also needed.  

The centre position recorded six impacts >10g per-match, 

accounting for this position experiencing the highest total 

frequency impact burden for resultant peak linear (2,953g) and 

rotational (545,239 rad/s2) accelerations. In contrast, the wing 

attack recorded the highest median resultant peak linear 

acceleration of 17g and the highest median resultant peak 

rotational acceleration of 3,813 rad/s2. Furthermore, the wing 

attack recorded the highest median RWECP of 0.0019 over the 

study. These findings likely result from the centre having the 

highest workload of ball handling and freedom of movement on 

the court. Chandler [53] utilised accelerometers to measure player 

load during training and games amongst eight collegiate level 

players. The centre players had higher player loads (player load 

per-minute, forward per-minute, sideward per-minute, and 

vertical per-minute) than any other position. Fox [54] confirmed 

this, reporting that the centre player had the highest proportion of 

match time for being active. In contrast, another study [55] 

involving elite level players using triaxial accelerometers reported 

that the centre, wing defence, wing attack and goal attack could 

be characterised as having the highest playing intensity and the 

lowest proportion of match time spent in the low intensity zone. 

The goal shoot, goal keep and goal defence positions tended to 

have the opposite characteristics [55]. The highest proportion of 

match time in the high playing intensity zone were the wing 

defence (4.7%) and the wing attack (4.6%) respectively, whilst 

the centre spent 3.9% of match time in the high playing intensity 

zone [55]. These results indicate that the wing positions may 

complete a high number of these types of movements in a match 

and the wing attack and wing defence positions complete sprints 

more frequently than any other position, during international level 

netball matches [54]. 

In addition, impacts overall were more commonly recorded on the 

side of the head. This may be reflective of how the game of netball 

has evolved with players running in one direction whilst facing 

perpendicular to this in order to receive the ball. As recorded in 

this study, centres experienced the highest median peak resultant 

rotational acceleration that likely represents the rapid changing 

direction for this position in the game. 

 

Limitations 
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This study is limited by the low numbers of players thus the 

extrapolation of these individual players’ exposures to player 

position in general needs to be viewed as indicative only. In 

addition, this study only assessed amateur adult female netball 

players playing indoors on a sprung wooden floor. Future studies 

should seek to determine the effects of player age, experience, 

fitness level and gender, as well as court flooring type, including 

the more common outdoor sealed court which most amateur 

players frequent.  

 

Conclusion 

 

Although the game of netball is considered a non-contact sport it 

is evident from data presented in this study, that players can 

experience significant head impacts capable of causing clinical 

concussion. Furthermore, they experience repetitive head impacts 

in excess of sub-concussive thresholds. Head impact frequency 

and magnitude are player position dependent. The players in the 

centre position are more exposed to impacts because of the pivotal 

role and freedom of movement in all thirds of the court. However, 

these impacts may not be as severe compared to players in attack 

and defence positions who travel at greater speed in their role to 

distribute the ball across and down the court often resulting in 

unintentional contact. Players in the goal positions tend to mark 

their opposites quite closely because of their restricted 

movements in their half of the court resulting in multiple but less 

severe contacts. 

 

Acknowledgements 
 

To the players, coaches and medical staff of the premier one 

amateur domestic netball team for participating in the study. 

 

Compliance with Ethical Standards 

 

Contributor statement: According to the definition given by 

the International Committee of Medical Journal Editors (ICMJE), 

the authors listed above qualify for authorship based on making 

one or more of the substantial contributions to the intellectual 

content of: (i) Conception and design [DK; PH;]; and/or, (ii) 

Acquisition of data [DK]; and/or (iii) Analysis and interpretation 

of data [DK, PH, CG, TC]; and/or (iv) Participated in drafting of 

the manuscript [DK, PH, CG, TC, DK]; and/or (v) Critical 

revision of the manuscript for important intellectual content [DK, 

PH, CG, TC, DK]. 

 

Funding: No sources of funding were used to assist in the 

preparation of this article.  

 

Conflicts of Interest: The authors declare that they have no 

conflicts of interest relevant to the content of this review. 

 

References 
 

1. Nauright J, Broomhall J. A woman's game: the development 

of netball and a female sporting culture in New Zealand, 

1906–70. Int J Hist Sport. 1994;11(3):387-407. 

2. Tagg B. Macho men in a girls’ game: masculinities and the 

Otago men’s netball team. Sport Soc. 2016;19(7):906-22. 

3. Cormack S, Smith R, Mooney M, Young W, O’Brien B. 

Accelerometer load as a measure of activity profile in 

different standards of netball match play. Int J Sports Physiol 

Perform. 2014;9(2):283-91. 

4. King D, Hume P, Brughelli M, Gissane C. Instrumented 

mouthguard acceleration analyses for head impacts in 

amateur rugby union players over a season of matches. Am J 

Sports Med. 2015;43(3):614-24. 

5. King D, Hume P, Gissane C, Brughelli M, Clark T. The 

influence of head impact threshold for reporting data in 

contact and collision sports: Systematic review and original 

data analysis. Sports Med. 2016;46(2):151-69. 

6. Ng T, Bussone W, Duma S. The effect of gender and body 

size on linear accelerations of the head observed during daily 

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

7. Swartz EE, Broglio SP, Cook SB, Cantu RC, Ferrara MS, 

Guskiewicz KM, et al. Early results of a helmetless-tackling 

intervention to decrease head impacts in football players. J 

Ath Train. 2015;50(12):1219-22. 

8. Chrisman S, Mac Donald C, Friedman S, Andre J, Rowhani-

Rahbar A, Drescher S, et al. Head impact exposure during a 

weekend youth soccer tournament. J Child Neurol. 

2016;31(8):971-8. 

9. Crisco J, Chu J, Greenwald R. An algorithm for estimating 

acceleration magnitude and impact location using multiple 

nonorthogonal single-axis accelerometers. J Biomech Eng. 

2004;126(6):849-54. 

10. King D, Hume P, Gissane C, Clark T. Similar head impact 

acceleration measured using instrumented ear patches in a 

junior rugby union team during matches in comparison with 

other sports. J Neurosurg Pediatr. 2016;18:65-72. 

11. Greenwald R, Gwin J, Chu J, Crisco J. Head impact severity 

measures for evaluating mild traumatic brain injury risk 

exposure. Neurosurgery. 2008;62(4):789-98. 

12. Broglio S, Schnebel B, Sosnoff J, Shin S, Feng X, He X, et 

al. Biomechanical properties of concussions in high school 

football. Med Sci Sports Exerc. 2010;42(11):2064-71. 

13. Broglio SP, Eckner J, Martini D, Sosnoff J, Kutcher J, 

Randolph C. Cumulative head impact burden in high school 

football. J Neurotrauma. 2011;28(10):2069-78. 

14. Guskiewicz K, Mihalik J, Shankar V, Marshall S, Crowell D, 

Oliaro S, et al. Measurement of head impacts in collegiate 

football players: relationship between head impact 

biomechanics and acute clinical outcome after concussion. 

Neurosurgery. 2007;61(6):1244-53. 

15. Harpham J, Mihalik J, Littleton A, Frank B, Guskiewicz K. 

The effect of visual and sensory performance on head impact 

biomechanics in college football players. Ann Biomed Eng. 

2013;DOI: 10.1007/s10439-013-0881-8. 

16. Ocwieja K, Mihalik J, Marshall S, Schmidt J, Trulock S, 

Guskeiwicz K. The effect of play type and collision closing 

distance on head impact biomechanics. Ann Biomed Eng. 

2012;40(1):90-6. 

17. Zhang L, Yang J, King A. A proposed injury threshold for 

mild traumatic brain injury. J Biomed Eng. 2004;126(2):226-

36. 

18. Urban J, Davenport E, Golman A, Maldjian J, Whitlow C, 

Powers A, et al. Head impact exposure in youth football: 

High school ages 14 to 18 years and cumulative impact 

analysis. Ann Biomed Eng. 2013;41(12):2474-87. 

19. Pellman E, Viano D, Tucker A, Casson I, Waeckerle J. 

Concussion in professional football: reconstruction of game 

http://aditum.org/
https://www.tandfonline.com/doi/pdf/10.1080/09523369408713870
https://www.tandfonline.com/doi/pdf/10.1080/09523369408713870
https://www.tandfonline.com/doi/pdf/10.1080/09523369408713870
https://www.tandfonline.com/doi/abs/10.1080/17430437.2015.1067782
https://www.tandfonline.com/doi/abs/10.1080/17430437.2015.1067782
https://journals.humankinetics.com/view/journals/ijspp/9/2/article-p283.xml
https://journals.humankinetics.com/view/journals/ijspp/9/2/article-p283.xml
https://journals.humankinetics.com/view/journals/ijspp/9/2/article-p283.xml
https://journals.humankinetics.com/view/journals/ijspp/9/2/article-p283.xml
https://journals.sagepub.com/doi/abs/10.1177/0363546514560876
https://journals.sagepub.com/doi/abs/10.1177/0363546514560876
https://journals.sagepub.com/doi/abs/10.1177/0363546514560876
https://journals.sagepub.com/doi/abs/10.1177/0363546514560876
https://link.springer.com/content/pdf/10.1007/s40279-015-0423-7.pdf
https://link.springer.com/content/pdf/10.1007/s40279-015-0423-7.pdf
https://link.springer.com/content/pdf/10.1007/s40279-015-0423-7.pdf
https://link.springer.com/content/pdf/10.1007/s40279-015-0423-7.pdf
https://europepmc.org/article/med/16817580
https://europepmc.org/article/med/16817580
https://europepmc.org/article/med/16817580
https://meridian.allenpress.com/jat/article-abstract/50/12/1219/112635
https://meridian.allenpress.com/jat/article-abstract/50/12/1219/112635
https://meridian.allenpress.com/jat/article-abstract/50/12/1219/112635
https://meridian.allenpress.com/jat/article-abstract/50/12/1219/112635
https://journals.sagepub.com/doi/abs/10.1177/0883073816634857
https://journals.sagepub.com/doi/abs/10.1177/0883073816634857
https://journals.sagepub.com/doi/abs/10.1177/0883073816634857
https://journals.sagepub.com/doi/abs/10.1177/0883073816634857
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/126/6/849/463811
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/126/6/849/463811
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/126/6/849/463811
https://asmedigitalcollection.asme.org/biomechanical/article-abstract/126/6/849/463811
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/18/1/article-p65.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/18/1/article-p65.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/18/1/article-p65.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/18/1/article-p65.xml
https://academic.oup.com/neurosurgery/article-abstract/62/4/789/2564172
https://academic.oup.com/neurosurgery/article-abstract/62/4/789/2564172
https://academic.oup.com/neurosurgery/article-abstract/62/4/789/2564172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2943536/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2943536/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2943536/
https://www.liebertpub.com/doi/abs/10.1089/neu.2011.1825
https://www.liebertpub.com/doi/abs/10.1089/neu.2011.1825
https://www.liebertpub.com/doi/abs/10.1089/neu.2011.1825
https://link.springer.com/content/pdf/10.1007/s10439-013-0881-8.pdf
https://link.springer.com/content/pdf/10.1007/s10439-013-0881-8.pdf
https://link.springer.com/content/pdf/10.1007/s10439-013-0881-8.pdf
https://link.springer.com/content/pdf/10.1007/s10439-013-0881-8.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0401-7.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0401-7.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0401-7.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0401-7.pdf
https://asmedigitalcollection.asme.org/biomechanical/article/126/2/226/464004
https://asmedigitalcollection.asme.org/biomechanical/article/126/2/226/464004
https://asmedigitalcollection.asme.org/biomechanical/article/126/2/226/464004
https://link.springer.com/article/10.1007/s10439-013-0861-z
https://link.springer.com/article/10.1007/s10439-013-0861-z
https://link.springer.com/article/10.1007/s10439-013-0861-z
https://link.springer.com/article/10.1007/s10439-013-0861-z
https://academic.oup.com/neurosurgery/article-abstract/53/4/799/2739956
https://academic.oup.com/neurosurgery/article-abstract/53/4/799/2739956


                                                                                                    
             

 

       Aditum Publishing –www.aditum.org 
                                                                                                                                                                                                                                                                                                            Page 9 of 10 

 
 

J Orthopaedic Research and Surgery 

impacts and injuries. Neurosurgery. 2003;53(4):799-814. 

20. Rowson S, Duma S. Development of the STAR evaluation 

system for football helmets: Integrating player head impact 

exposure and risk of concussion. Ann Biomed Eng. 

2011;39(8):2130-40. 

21. Rowson S, Duma S, Beckwith J, Chu J, Greenwald R, Crisco 

J, et al. Rotational head kinematics in football impacts: An 

injury risk function for concussion. Ann Biomed Eng. 2012; 

40(1):1-13. 

22. Rowson S, Duma S. Brain injury prediction: Assessing the 

combined probability of concussion using linear and 

rotational head acceleration. Ann Biomed Eng. 

2013;41(5):873-82. 

23. Galetta K, Liu M, Leong D, Ventura R, Galetta S, Balcer L. 

The King-Devick test of rapid number naming for concussion 

detection: Meta-analysis and systematic review of the 

literature. Concussion. 2015;1(2):CNC8. 

24. Galetta K, Barrett J, Allen M, Madda F, Delicata D, Tennant 

A, et al. The King-Devick test as a determinant of head 

trauma and concussion in boxers and MMA fighters. 

Neurology. 2011;76(17):1456-62. 

25. Galetta K, Brandes L, Maki K, Dziemianowicz M, Laudano 

E, Allen M, et al. The King-Devick test and sports-related 

concussion: Study of a rapid visual screening tool in a 

collegiate cohort. J Neurol Sci. 2011;309(1-2):34-9. 

26. Dhawan P, Starling A, Tapsell L, Adler J, Galetta S, Balcer 

L, et al. King-Devick test identifies symptomatic concussion 

in real-time and asymptomatic concussion over time. 

(S11.003). Neurology. 2014;82(10 Supplement):S11.003. 

27. Galetta M, Galetta K, McCrossin J, Wilson J, Moster S, 

Galetta S, et al. Saccades and memory: baseline associations 

of the King–Devick and SCAT2 SAC tests in professional ice 

hockey players. J Neurol Sci. 2013;328(1–2):28-31. 

28. King D, Brughelli M, Hume P, Gissane C. Concussions in 

amateur rugby union identified with the use of a rapid visual 

screening tool. J Neurol Sci. 2013;326(1-2):59-63. 

29. King D, Clark T, Gissane C. Use of a rapid visual screening 

tool for the assessment of concussion in amateur rugby 

league: A pilot study. J Neurol Sci 2012;320(1-2):16-21. 

30. Marinides Z, Galetta K, Andrews C, Wilson J, Herman D, 

Robinson C, et al. Vision testing is additive to the sideline 

assessment of sports-related concussion. Neurol Clin Pract. 

2014;5(1):25-34. 

31. Spradley B, Wiriyanpinit S, Magner A. Baseline concussion 

testing in different environments: A pilot study. The Sport J 

[serial on the Internet]. 2014 14 Mar 2014; March Available 

from: thesportjournal.org/article/baseline-concussion-

testing-in-different-environments-a-pilot-study  

32. Tjarks B, Dorman J, Valentine V, Munce T, Thompson P, 

Kindt S, et al. Comparison and utility of King-Devick and 

ImPACT composite scores in adolescent concussion patients. 

J Neurol Sci. 2013;334(1-2):148-53. 

33. Leong D, Balcer L, Galetta S, Liu Z, Master C. The King-

Devick test as a concussion screening tool administered by 

sports parents. J Sports Med Phys Fit. 2014;54(1):70-7. 

34. Crisco J, Fiore R, Beckwith J, Chu J, Brolinson P, Duma S, 

et al. Frequency and location of head impact exposures in 

individual collegiate football players. J Athl Train. 

2010;45(6):459-559. 

35. Crisco J, Wilcox B, Beckwith J, Chu J, Duhaime A, Rowson 

S, et al. Head impact exposure in collegiate football players. 

J Biomech. 2011; 44(15):2673-8. 

36. Broglio S, Sosnoff J, Shin S, He X, Alcaraz C, Zimmerman 

J. Head impacts during high school football: A biomechanical 

assessment. J Athl Train. 2009;44(4):342-9.  

37. Broglio S, Surma T, Ashton-Miller J. High school and 

collegiate football athlete concussions: A biomechanical 

review. Ann Biomed Eng. 2012;40(1):37-46. 

38. King D, Hume P, Gissane C, Clark T. Head impacts in a 

junior rugby league team measured with a wireless head 

impact sensor: An exploratory analysis. J Neurosurg Pediatr. 

2016;19(1):13-23. 

39. Lynall R, Clark M, Grand E, Stucker J, Littleton A, Aguilar 

A, et al. Head impact biomechanics in women's college 

soccer. Med Sci Sport Exerc. 2016;48(9):1172-778. 

40. Daniel R, Rowson S, Duma S. Head impact exposure in youth 

football. Ann Biomed Eng. 2012;40(4):976-81. 

41. Daniel R, Rowson S, Duma S. Head impact exposure in youth 

football: Middle school ages 12-14 years. J Biomech Eng. 

2014;136(9):094501-6. 

42. Cobb B, Urban J, Davenport E, Rowson S, Duma S, Maldjian 

J, et al. Head impact exposure in youth football: Elementary 

school ages 9–12 years and the effect of practice structure. 

Ann Biomed Eng. 2013;21(12):2463-73. 

43. Young T, Daniel R, Rowson S, Duma S. Head impact 

exposure in youth football: elementary school ages 7-8 years 

and the effect of returning players. Clin J Sport Med. 

2014;24(5):416-21. 

44. Flood L, Harrison J. Epidemiology of basketball and netball 

injuries that resulted in hospital admission in Australia, 

2000–2004. Med J Aust. 2009;190(2):87-90. 

45. Hume PA, Steele JR. A preliminary investigation of injury 

prevention strategies in netball: Are players heeding the 

advice? J Sci Med Sport. 2000;3(4):406-13. 

46. Van Essen D. Organization of visual areas in macaque and 

human cerebral cortex. In: Chalupa L, Werner J, editors. The 

Visual Neurosciences. Cambridge, Massachusetts: MIT 

Press; 2004. p. 507-21. 

47. Van Essen D, Drury H. Structural and functional analyses of 

human cerebral cortex using a surface-based atlas. J 

Neurosci. 1997;17(18):7079-102. 

48. Rizzo J-R, Hudson T, Dai W, Birkemeier J, Pasculli R, 

Selesnick I, et al. Rapid number naming in chronic 

concussion: Eye movements in the King–Devick test. Ann 

Clin Transl Neurol. 2016;doi: 10.1002/acn3.345. 

49. Rizzo J-R, Hudson TE, Dai W, Desai N, Yousefi A, Palsana 

D, et al. Objectifying eye movements during rapid number 

naming: Methodology for assessment of normative data for 

the King-Devick test. J Neurol Sci. 2016;362:232-9. 

50. DeSouza J, Menon R, Everling S. Preparatory set associated 

with pro-saccades and anti-saccades in humans investigated 

with event-related fMRI. J Neurophsyiol. 2003;89(2):1016-

23. 

51. King D, Hume P, Gissane C, Clark T. Use of the King–

Devick test for sideline concussion screening in junior rugby 

league. J Neurol Sci. 2015;357(1):75-9. 

52. Wong R, Wong A, Bailes J. Frequency, magnitude, and 

distribution of head impacts in Pop Warner football: The 

cumulative burden. Clin Neurol Neurosur. 2014;118:1-4. 

53. Chandler P, Pinder S, Curran J, Gabbett T. Physical demands 

of training and competition in collegiate netball players. J 

Strength Cond Ass. 2014;28(10):2732-7. 

http://aditum.org/
https://academic.oup.com/neurosurgery/article-abstract/53/4/799/2739956
https://link.springer.com/content/pdf/10.1007/s10439-011-0322-5.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0322-5.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0322-5.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0322-5.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0392-4.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0392-4.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0392-4.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0392-4.pdf
https://link.springer.com/article/10.1007/s10439-012-0731-0?wptouch_preview_theme=enabled
https://link.springer.com/article/10.1007/s10439-012-0731-0?wptouch_preview_theme=enabled
https://link.springer.com/article/10.1007/s10439-012-0731-0?wptouch_preview_theme=enabled
https://link.springer.com/article/10.1007/s10439-012-0731-0?wptouch_preview_theme=enabled
https://www.futuremedicine.com/doi/abs/10.2217/cnc.15.8
https://www.futuremedicine.com/doi/abs/10.2217/cnc.15.8
https://www.futuremedicine.com/doi/abs/10.2217/cnc.15.8
https://www.futuremedicine.com/doi/abs/10.2217/cnc.15.8
https://n.neurology.org/content/76/17/1456.short
https://n.neurology.org/content/76/17/1456.short
https://n.neurology.org/content/76/17/1456.short
https://n.neurology.org/content/76/17/1456.short
https://www.sciencedirect.com/science/article/pii/S0022510X11004576
https://www.sciencedirect.com/science/article/pii/S0022510X11004576
https://www.sciencedirect.com/science/article/pii/S0022510X11004576
https://www.sciencedirect.com/science/article/pii/S0022510X11004576
https://n.neurology.org/content/82/10_Supplement/S11.003.short
https://n.neurology.org/content/82/10_Supplement/S11.003.short
https://n.neurology.org/content/82/10_Supplement/S11.003.short
https://n.neurology.org/content/82/10_Supplement/S11.003.short
https://www.sciencedirect.com/science/article/pii/S0022510X13000853
https://www.sciencedirect.com/science/article/pii/S0022510X13000853
https://www.sciencedirect.com/science/article/pii/S0022510X13000853
https://www.sciencedirect.com/science/article/pii/S0022510X13000853
https://www.sciencedirect.com/science/article/pii/S0022510X13000142
https://www.sciencedirect.com/science/article/pii/S0022510X13000142
https://www.sciencedirect.com/science/article/pii/S0022510X13000142
https://www.sciencedirect.com/science/article/pii/S0022510X1200278X
https://www.sciencedirect.com/science/article/pii/S0022510X1200278X
https://www.sciencedirect.com/science/article/pii/S0022510X1200278X
https://www.sciencedirect.com/science/article/pii/S0022510X13028645
https://www.sciencedirect.com/science/article/pii/S0022510X13028645
https://www.sciencedirect.com/science/article/pii/S0022510X13028645
https://www.sciencedirect.com/science/article/pii/S0022510X13028645
https://www.researchgate.net/profile/Danielle_Leong3/publication/259826319_The_King-Devick_test_as_a_concussion_screening_tool_administered_by_sports_parents/links/599da3f00f7e9b892bb3f7cf/The-King-Devick-test-as-a-concussion-screening-tool-administered-by-sports-parents.pdf
https://www.researchgate.net/profile/Danielle_Leong3/publication/259826319_The_King-Devick_test_as_a_concussion_screening_tool_administered_by_sports_parents/links/599da3f00f7e9b892bb3f7cf/The-King-Devick-test-as-a-concussion-screening-tool-administered-by-sports-parents.pdf
https://www.researchgate.net/profile/Danielle_Leong3/publication/259826319_The_King-Devick_test_as_a_concussion_screening_tool_administered_by_sports_parents/links/599da3f00f7e9b892bb3f7cf/The-King-Devick-test-as-a-concussion-screening-tool-administered-by-sports-parents.pdf
https://meridian.allenpress.com/jat/article-abstract/45/6/549/111227
https://meridian.allenpress.com/jat/article-abstract/45/6/549/111227
https://meridian.allenpress.com/jat/article-abstract/45/6/549/111227
https://meridian.allenpress.com/jat/article-abstract/45/6/549/111227
https://www.sciencedirect.com/science/article/pii/S0021929011005483
https://www.sciencedirect.com/science/article/pii/S0021929011005483
https://www.sciencedirect.com/science/article/pii/S0021929011005483
https://meridian.allenpress.com/jat/article-abstract/44/4/342/110772
https://meridian.allenpress.com/jat/article-abstract/44/4/342/110772
https://meridian.allenpress.com/jat/article-abstract/44/4/342/110772
https://link.springer.com/content/pdf/10.1007/s10439-011-0396-0.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0396-0.pdf
https://link.springer.com/content/pdf/10.1007/s10439-011-0396-0.pdf
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/19/1/article-p13.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/19/1/article-p13.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/19/1/article-p13.xml
https://thejns.org/pediatrics/view/journals/j-neurosurg-pediatr/19/1/article-p13.xml
https://europepmc.org/article/med/27187102
https://europepmc.org/article/med/27187102
https://europepmc.org/article/med/27187102
https://link.springer.com/content/pdf/10.1007/s10439-012-0530-7.pdf
https://link.springer.com/content/pdf/10.1007/s10439-012-0530-7.pdf
https://onlinelibrary.wiley.com/doi/abs/10.5694/j.1326-5377.2009.tb02285.x
https://onlinelibrary.wiley.com/doi/abs/10.5694/j.1326-5377.2009.tb02285.x
https://onlinelibrary.wiley.com/doi/abs/10.5694/j.1326-5377.2009.tb02285.x
https://www.sciencedirect.com/science/article/pii/S1440244000800079
https://www.sciencedirect.com/science/article/pii/S1440244000800079
https://www.sciencedirect.com/science/article/pii/S1440244000800079
https://ci.nii.ac.jp/naid/10019791593/
https://ci.nii.ac.jp/naid/10019791593/
https://ci.nii.ac.jp/naid/10019791593/
https://ci.nii.ac.jp/naid/10019791593/
https://www.jneurosci.org/content/17/18/7079.short
https://www.jneurosci.org/content/17/18/7079.short
https://www.jneurosci.org/content/17/18/7079.short
https://onlinelibrary.wiley.com/doi/abs/10.1002/acn3.345
https://onlinelibrary.wiley.com/doi/abs/10.1002/acn3.345
https://onlinelibrary.wiley.com/doi/abs/10.1002/acn3.345
https://onlinelibrary.wiley.com/doi/abs/10.1002/acn3.345
https://www.sciencedirect.com/science/article/pii/S0022510X16300454
https://www.sciencedirect.com/science/article/pii/S0022510X16300454
https://www.sciencedirect.com/science/article/pii/S0022510X16300454
https://www.sciencedirect.com/science/article/pii/S0022510X16300454
https://journals.physiology.org/doi/abs/10.1152/jn.00562.2002
https://journals.physiology.org/doi/abs/10.1152/jn.00562.2002
https://journals.physiology.org/doi/abs/10.1152/jn.00562.2002
https://journals.physiology.org/doi/abs/10.1152/jn.00562.2002
https://www.sciencedirect.com/science/article/pii/S0022510X15001021
https://www.sciencedirect.com/science/article/pii/S0022510X15001021
https://www.sciencedirect.com/science/article/pii/S0022510X15001021
https://www.sciencedirect.com/science/article/pii/S030384671300509X
https://www.sciencedirect.com/science/article/pii/S030384671300509X
https://www.sciencedirect.com/science/article/pii/S030384671300509X
https://journals.lww.com/nsca-jscr/Fulltext/2014/10000/Physical_Demands_of_Training_and_Competition_in.5.aspx
https://journals.lww.com/nsca-jscr/Fulltext/2014/10000/Physical_Demands_of_Training_and_Competition_in.5.aspx
https://journals.lww.com/nsca-jscr/Fulltext/2014/10000/Physical_Demands_of_Training_and_Competition_in.5.aspx


                                                                                                    
             

 

       Aditum Publishing –www.aditum.org 
                                                                                                                                                                                                                                                                                                            Page 10 of 10 

 
 

J Orthopaedic Research and Surgery 

54. Fox A, Spittle M, Otago L, Saunders N. Activity profiles of 

the Australian female netball team players during 

international competition: Implications for training practice. 

J Sports Sci. 2013;31(14):1588-95. 

55. Young C, Gastin P, Danders N, Mackey L, Dwyer D. Player 

load in elite netball: Match, training and positional 

comparisons. Int J Sports Physiol Perform. 2016;11(8):1074-

9. 

 

http://aditum.org/
https://shapeamerica.tandfonline.com/doi/abs/10.1080/02640414.2013.792943
https://shapeamerica.tandfonline.com/doi/abs/10.1080/02640414.2013.792943
https://shapeamerica.tandfonline.com/doi/abs/10.1080/02640414.2013.792943
https://shapeamerica.tandfonline.com/doi/abs/10.1080/02640414.2013.792943
https://journals.humankinetics.com/view/journals/ijspp/11/8/article-p1074.xml
https://journals.humankinetics.com/view/journals/ijspp/11/8/article-p1074.xml
https://journals.humankinetics.com/view/journals/ijspp/11/8/article-p1074.xml
https://journals.humankinetics.com/view/journals/ijspp/11/8/article-p1074.xml

