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In recent years, awareness of concussion has grown [1] with increasing attention being

paid to professional and elite sport, where athletes are closely monitored and medical

support teams are well established. Given the health risks associated with concussion [2],
= challenges arise for the clinicians, coaches, and parents who are responsible for those
playing amateur and junior-level sport. This is magnified by the ambiguity in the pre-
sentation and pathophysiology of concussion in an immature brain when compared to a
mature brain [3]. Available resources can vary in terms of the medical provision, associated
costs, and time availability for the testing and assessment of anyone with a concussion.
Concussion awareness and education campaigns have emerged, aiming to enlighten those
involved in sport to recognise and remove a player with suspected concussion from play.
The next step in the identification and assessment of concussion is to provide coaches,
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parents, and clinicians, with easily available tools to identify concussion whilst assisting
in the guidance of recovery from the effects of a concussion and enabling a return to
participation in the athletes’ chosen activities.

The Standardized Concussion Assessment Tool version 5 (SCAT5) and ChildSCAT5
are freely downloadable tools for concussion evaluation [4]. The SCATS5 and ChildSCAT5
comprise a series of assessment tools for concussion, including a sideline assessment, symp-
tom evaluation (Post-Concussion Symptom Score), cognitive tests (orientation, memory,
balance, and coordination), and a balance examination [5]. These assessment tools are
reviewed on a four-yearly cycle through the Concussion in Sport Conference (CISC). Such
assessments are also endorsed by major sports organizations such as the International
Olympic Committee, World Rugby, and Fédération Internationale de Football Association
(FIFA). The most recent rendition is the 5th version published after the 2016 CISC [4—-6].
Although the SCAT5 and ChildSCATS5 present the most recent concussion assessment tool,
there are several limitations associated with their use. The time it takes to complete the
SCATS5, and the need for medical personnel means this is more of a training room or clinical
assessment tool rather than a sideline assessment tool [7]. In addition, there is a notable
absence of the assessment of oculomotor capacity in both the SCAT5 and ChildSCATS5, yet
research indicates that there is a need for an oculomotor screening examination [8,9] in
order to provide objective physiological evidence that a concussion has occurred [10].

Concussive, and sub-concussive, impacts to some areas of the brain can cause neu-
rological changes that may go undetected on tests of both cognitive and locomotor func-
tion [11]. Disturbed oculomotor function is a common symptom in many concussions [9,10];
therefore, evaluating this aspect provides another valuable parameter in the assessment of
concussion [9]. Vitally, oculomotor function affects over half of the brain’s pathways [12]
that can deteriorate following a concussive injury [13]. The King-Devick (K-D) test is an
oculomotor tool that can be utilized in the assessment of concussion through the identifi-
cation of disturbed oculomotor function. The K-D has previously been reported to both
be a reliable [14,15] and valid [12,16] concussion assessment tool. To evaluate oculomotor
integrity and function, those with a suspected concussion read a series of numbers as fast
as possible from three test cards with increasing difficulty depending upon their age. The
K-D test has several benefits including cost effectiveness, brevity, ease of use and the ability
to be utilized by non-medical professionals [17]. These factors are particularly valuable in
non-elite sport where medical care is often limited or non-existent. The K-D compliments
the SCAT3 and has been proposed to improve the sensitivity of concussion detection by up
to 100% when utilized with components of the SCAT3 [5-7].

Changes that occur because of a concussive injury are best assessed by the detection
of deviations from annual pre-injury baseline values, thus affording the concussion test
increased objective ability [4]. Subjective information, which is frequently relied upon in
the assessment of concussion, is often poorly informed and at any time may be unreli-
able [18,19]. In contrast, the K-D is based on timed objective performance of oculomotor
speed and precision [12]. Symptom reporting and generalised guidelines are currently
utilised for return to play [20]. However, the K-D can be utilised immediately in injury
assessment [12,21] and during both recovery and return to play [16,21]. To assist with this,
it is recommended that annual pre-injury baselines be conducted for all participants to
enable a direct comparison between the post-injury and the pre-injury baseline. In the
absence of baseline scores, it has been reported that any change in performance on the
initial post-injury K-D score may either be reflective of the participants usual performance,
or be attributed to a concussion having occurred [22]. To assist with clinicians’ assessment
of concussion with participants with no recorded baselines, some studies have reported
K-D normative data [22,23]. This is despite the recommendation of annual pre-injury
baseline assessments being conducted, as comparison of K-D score results should be a
direct comparison with the individual’s baseline only. Although numerous studies have
reported on the K-D in concussion assessment, no study to date has reported on the dif-
ferences between age groups on the scores of the K-D to identify the need for annual
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baseline assessments. Therefore, the purpose of this study was to document the baseline
scores of male and female participants from 4 to 20 years old to enable the identification of
differences in K-D oculomotor function score due to age group and sex.

2. Methods
2.1. Participants

Using a cross section of schools (athletic and non-athletic students), rugby clubs and
gymnastic clubs based in the United Kingdom, 1936 participants (aged 4 to 20 years;
636 females and 1300 males) completed this study. Those who were recovering from a
concussive injury were excluded from participating in the study. Data collectors were
qualified and/or student athletic trainers, sports rehabilitators and /or support staff trained
in the use of K-D. Data collection was always completed in the presence of the lead
researcher. No other exclusions were made for participation and the primary language used
was English. Parent/guardian consent was gained with participant and parent information
sheets and exclusion forms provided. The exclusions identified were: (1) in cases of a
visual impairment where participants would normally have a corrective prescription for
glasses or contacts, but did not have access to it at the time of testing; (2) a suspected
concussive incident in the previous three months that had not been medically examined;
(3) where a participant had not returned to sport following a concussion; and (4) where
the test could not be completed in English or where English was not the first language of a
participant. All procedures were approved by the ethics committee (SMEC 2014-5 037) of
the lead authors’ institution.

2.2. King-Devick Test

The King-Devick test is a saccadic test measuring the speed of rapid number nam-
ing [24]. Participants were asked to read the numbers on each card aloud from left to right
as quickly as possible without making any mistakes. The time taken for each card was
recorded as was the number of reading errors made and this was combined to provide a
summary score for the entire test (the K-D test score). The entire test took less than two
minutes to administer per participant. The K-D test has been reported to have an inter-class
correlation for test-retest reliability of 0.96 [17] and 0.97 [15]. The spiral-bound flip card
K-D test (V2.0.0) was utilised for the study.

2.3. Data Collection Procedures

The K-D test involves getting participants to read 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 on a spiral-bound moisture-proof 6 x 8-inch physical test
(www.kingdevicktest.com, 7 December 2021). As per standardised instructions of the test,
participants aged 5-7 years completed the first card only; those aged 8-9 years completed
cards 1 and 2; and those aged 10 years and above completed all three cards. Participants
aged 4 were also included in the study to enable identification of the differences with the
5 years-old participants.

2.4. Procedures

Testing took place in the given practice area for each sport, training room and class
group. Tests could only be completed if the child had not taken part in any athletic activity
in the previous 30 min, to avoid any potential confounding effects from physical exercise
or fatigue [25]. Testing was completed by trained personnel. Each participant was given
standardised instructions documented on the demonstration page of the K-D test. The
tester provided an example of how to complete the test using the demonstration card.
Using a digital stopwatch, testing began when the participant began reading the first
number on each test page and finished on calling the last number of the test card. The total
time for the test was recorded including any errors made that were not self-corrected. Each
test paged time was recorded and those reading two or more test cards had their times
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summed. Two trials of each test card were completed, with the fastest score completed
without any reading errors taken as the participant’s baseline.

2.5. Statistical Analyses

Participants aged 4-7 years read 1 card, 8-9 years read two cards, and 10+ years read three
cards. To compare test card scores between the ages, the 1-card time for 4-7 years olds, the
fastest single-card time of the 2 cards read for the 8 to 9 years olds, and the fastest single-card
time of the 3 cards read for the 10 to 20 years olds were recorded as the 1-card time for combined
genders (see Figure 1) and for each gender across the ages reported (see Figure 2).
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Figure 1. Differences in median scores with inter-quartile ranges of all the King-Devick test cards
by age of participants and the number of number of cards read for combined participants aged
4 to 20 years. Participants aged 4-7 years read 1 card, 8-9 years read two cards, and 10+ years read
three cards. The lower solid line is the time for 1 card only, as the actual card time for 4-7 years, the
fastest single card time of the 2 cards read for the 8 to 9 years, and the fastest single card time of the
3 cards read for the 10 to 20 years.
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Figure 2. Differences in median scores with inter-quartile ranges of all the King-Devick test cards
by age and gender of participants and the number of cards read for combined participants aged
4-20 years Participants aged 4-7 years read 1 card, 8-9 years read two cards, and 10+ years read
three cards.



Sports 2021, 9, 166

50f13

All K-D test scores were entered into a Microsoft Excel spreadsheet and analysed
with SPSS (V25.0 Armonk, NY, USA: IBM Corp). Data were checked for normality and
homogeneity of variance using Shapiro-Wilk’s test (W 649, = 0.78; p < 0.0001) and a one-
sample t-test ((1648) = 89.0; p < 0.0001). The testing scores were evaluated, and the baseline
was identified for males, females and sexes combined. The resulting scores were analysed
with a Friedman repeated-measures ANOVA on ranks. If any notable differences were
observed, a Wilcoxon signed-rank post hoc test was conducted with a Bonferroni correction
applied. The differences between the established baselines were identified and a one-
sample t-test was utilised to analyse this across the age groups by female, males and sexes
combined for 1 card, 2 card, 3 card and all cards. Cohen’s [26] effect size (d) was utilised
to calculate practically meaningful differences between the different age groups, males
and females and the different trials. Effect sizes of <0.19, 0.20-0.60, 0.61-1.20 and >1.20
were considered trivial, small, moderate, and large, respectively [27]. Internal consistency
reliability for the test cards vs. total times scores were measured using Cronbach’s alpha
(x). Test-retest reliability was estimated utilising the intra-class correlation coefficient
(ICC), with 95% (I, to examine agreement between first and second baseline test scores.
The level of significance was set at p < 0.05, and all data were expressed as medians with
interquartile (25th—75th) range, except where stated.

3. Results

The mean and standard deviation for age of the cohort was 10.7 & 4.6 years (males:
11.7 + 4.7 years; females: 8.4 & 3.5 years) and ranged from 4 to 20 years old. A list of
the median and interquartile ranges of the participants by age are shown in Figure 3.
For the one-card category, the median K-D test times of participants in the 6 years-old
group (31.0 (26.0 to 35.6)) s) were faster when compared with the 5 years-old group
(41.8 (33.0t0 53.6) s; )(2(1) =36.5;p < 0.0001; z = —6.6; p < 0.0001; d = 0.88). For the two-card
category, the median K-D test times in the 8 years-old group were longer (50.5 ((45.5 to
54.7)) s) when compared with the 7 years-old group (24.9 (22.0 to 30.5) s; x%1) = 13.66;
p <0.0001; z = —10.1; p < 0.0001; d = 1.64) as the number of cards increased from one card
to two cards. The increase in cards read time difference from two in the 9 years group to
three in the 10 years group lead to similar longer times for the 10 years-old group (70.9
(60.0 to 81.3) s) when compared with the 9 years-old group (45.5 (38.8 to 54.1) s; )(2(1) =97.2;
p <0.0001; z = —9.0; p < 0.0001; d = 1.56). The median K-D test times for the males (47.2
(40.2 to 51.0) s) were faster than the females (79.3 (75.5 to 83.7) s; )(2(1) =8.9; p = 0.0039;
z=—3.0; p = 0.0029; d = 4.39) in the 12 years-old age group. There were no differences
between the sexes for any other age groups.

When grouped together with the number of cards read, the males recorded a slower
median K-D test time for test 1, (36.0 (27.4 to 51.3) vs. 33.1 (27.0 to 43.2) s; xz(l) =6.9;
p =0.0088; z= —3.8; p = 0.0002; d = 0.16), test 2 (38.6 (30.5 to 56.8) vs. 35.4 (29.1 to 50.0) s;
7(2(1) =5.8;p=0.0162; z = —3.7; p = 0.0002; d = 0.18), and for the baseline K-D test time (35.1
(26.0 to 48.6) vs. 32.0 ((26.1 to 42.0) s; )(2(1) =5.5;,p=0.0188; z= —3.7;, p = 0.0002; d = 0.16)
when compared with females using one card (ages 4 to 7 years old) (see Table 1). There
was a slower median time recorded for the second trial for the one-card reading group for
males (38.6 (30.5 to 56.8) vs. 36.0 (27.4 to 51.3) s; X2(1) =31.2;p <0.0001; z = —3.7; p = 0.0002;
d =0.14), females (35.4 (29.1 to 50.0) vs. 33.1 (27.0 to 43.2); )(2(1) =32.6;p <0.0001; z = —3.8;
p =0.0002; d = 0.13) and combined (37.1 (29.7 to 52.5) vs. 34.0 (27.0 to 47.1) s; )(2(1) =63.1;
p <0.0001; z = —9.5; p < 0.0001; d = 0.13) when compared with the first trial. This was
similar for the two-card reading group (age 8 and 9 years old) for males (54.3 (46.7 to 67.1)
svs. 48.6 (41.2 to 56.3) s; )(2(1) =90.1;p <0.0001; z = —6.7; p < 0.0001; d = 0.63), females (53.6
(484 t0 58.6) vs. 49.8 (43.9 to 54.8) s; x*(1) = 53.0; p < 0.0001; z = —6.9; p < 0.0001; d = 0.47)
and combined (54.1 (48.0 to 62.2) vs. 49.4 (42.6 to 55.3) s; )(2(1) =138.6; p <0.0001; z = —12.2;
p <0.0001; d = 0.55).
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Figure 3. Median reading times and differences in times for the King-Devick test baseline scores for male and female participants aged 4 to 20 years by number of test cards. Bold broken
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Table 1. King-Devick test scores for male and female participants aged 4 to 20 years, and for sexes combined, for the number of cards for the age group category, shown by median with

interquartile ranges for trials 1 and 2, differences between trials 1 and 2, baseline/fastest versus slowest test score results, Cronbach’s alpha, and interclass correlation.

Difference . Difference ,
Trial 1 (s) Trial 2 (s) Trial 1 vs. Basel.lne/Fastest Slowest Times (s) Fastest vs. Test-retest afld Cronbac.h S &
. Times (s) between Trial 1 and Trial 2
Trial 2 (s) Slowest (s)
n= Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) o= ICC (95% CI)
1 Card Male 336 36.0 (27.4-51.3) P4 38.6(30.5-56.8)ad  2.2(—1.5-10.0) 35.1 (26.0-48.6) ¥  41.2 (31.4-61.2) de (_11’05_’22 0) 0.946 0.940 (0.911-0.957)
47 T
years) Female 290 33.1(27.0-43.2)b¢  354(29.1-50.0)2  2.8(—1.4-7.0) 32.0(26.1-42.0)<f  36.7 (30.3-50.8) ¢ (8 6ff1 9 0.961 0.957 (0.938-0.969)
Combined ¢ 340 (27.0-47.1)>  37.1(29.7-52.5)*  24(—14-84)  33.1(261-45.1)f  38.6 (31.0-54.7) —45 0.955 0.950 (0.929-0.963)
sexes (=10.0--2.0)
2 Cards Male 130 48.6 (41.2-56.3)P 543 (46.7-67.1)2  62(3.2-154)  47.8(41.2-56.0)f  57.0 (47.2-67.1) ¢ (_1;2’23 9) 0.871 0.782 (0.218-0.908)
(8and 9 5 -3.
years) Female 146 49.8 (43.9-54.8)P  53.6 (48.4-58.6) 2 47 (1.0-8.4) 492 (435-54.1)f  54.5(49.4-59.1) ¢ (8 ﬁf 21) 0.867 0.818 (0.549-0.907)
Combined 276 494 (42.6-55.3)P 541 (48.0-62.2)2  54(1.9-11.0)  49.0 (42.1-54.4)f  54.6 (48.4-62.3)¢ —55 0.864 0.796 (0.413-0.902)
sexes (=11.2--2.7)
3 Cards Male 834 444 (38.8-53.3)P  40.6(353-459)2  13(—05-32) 429 (37.2-48.3)f  42.7(39.6-51.7) ¢ (_ 3;2f 09) 0.996 0.950 (0.921-0.966)
(10+ o
years) Female 200 66.4 (51.2-79.2)>  70.0 (65.5-74.2) 2 2.1(0.2-4.1) 66.1 (51.2-79.2)f 722 (69.1-76.4) © (4 6Ef)1 3 0.957 0.996 (0.995-0.997)
Combined b a -14 f . e -21 .
cexes 1034 46.5 (39.7-58.1) 40.5 (36.0-45.7) (_3.4.04) 40.5 (35.6-45.7) 46.5 (39.7-58.1) (_3.8-09) 0.955 0.948 (0.915-0.965)
Total Male 1300 43.7 (36.3-53.3) 415(34.6-505)9  0.0(-2.7-3.7)  42.0(35.0-52.3)f  43.8 (36.7-53.4) de - 6;? 13) 0.900 0.894 (0.881-0.907)
Score Female 636 457 (33.6-62.0)P  42.7(33.0-54.7)% 2.6 (—1.4-7.0)  45.0(32.4-60.0)f  44.0 (34.0-55.9) < - 8_3:132 0) 0.953 0.951 (0.942-0.959)
ngi?ed 1966 44.0 (35.5-55.0)° 419 (34.0-52.6)@ 0.6 (—2.2-5.3)  42.6 (34.3-54.0)f  43.6 (35.6-53.9) ¢ (_763’5’ 15) 0.917 0.913 (0.904-0.921)

Negative numbers indicate an increase (faster) change; IQR = interquartile (25th and 75th) range; s = seconds; o = Cronbach’s alpha; ICC = interclass correlation; CI = confidence interval; significant difference

(p < 0.05) that (a) = Trial 1; (b) = Trial 2; (c) = male; (d) = female; (e) = fastest time; (f) = slowest times; baseline score is the fastest time completed without any reading errors of the two trials.
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In the three-card reading group there was a slower median time for the second (70.0
(65.5 to 74.2) s) when compared with the first (66.4 (51.2 to 79.2) s; XZ(D =44.0; p < 0.0001;
z = —5.8;p <0.0001; d = 0.47) trial time for female participants (see Table 1). Males in the
three-card reading group recorded a faster median time in the second (40.6 (35.3 to 45.9) s)
when compared with the first trial (44.4 (38.8 to 53.3) s; )(2(1) =78.0;p <0.0001; z = —10.1;
p <0.0001; d = 0.58). When comparing the fastest and slowest K-D test time for participants
reading the three cards (age 10+ years) there were differences observed for males (—2.1
(=3.7to —0.9) s; x>y =78.0; p < 0.0001; z = —10.1; p < 0.0001; d = 0.21), females (—2.6 (—4.6
to —1.3); )(2(1) =44.0;p <0.0001; z = —5.8; p < 0.0001; d = 1.12), and for the combined scores
(—2.1(—3.8to0 —0.9); x*(1) = 95.4; p < 0.0001; z = —10.9; p < 0.0001; d = 0.34). The Cronbach’s
o varied between 0.864 (two cards, combined sexes) and 0.996 (three cards, male) for the
internal consistency of the tests completed. The ICC varied between 0.782 (2-card male)
and 0.996 (three cards, female) for the test-retest reliability of the tests completed.

As can be seen by Table 2, on average, females recorded a faster change in the median
baseline K-D test when compared with the previous age group for one-card (—1.6 s vs.
—0.8s; p =0.7036; d = 0.14), two-card (—2.8 vs. —1.4 s; p = 0.8660; d = 0.32), and three-card
(—2.6 vs. —2.3 s; p = 0.9407; d = 0.55) testing when compared with males. When all the
test cards were combined, females recorded a faster change in the median baseline K-D
test when compared with the previous age group than males recorded (—2.0 vs. —1.4s;
p = 0.8516; d = 0.04).

Table 2. Median and interquartile range summaries and the range of differences in the established baseline K-D test scores

from previous ages by the number of cards read for females, males, and sexes combined for participants aged 4 years to

20 years.
Differences from . Differences
No of Cards Previous Age (s) Range of Differences (5) across Ages
Median (IQR) Min-Max t= p=
1 card —1.6 (—4.8-—0.4) —21.9-4.2 -21 0.0535
Fernal 2 card —2.8(—4.8-1.1) ~12.3-85 -13 0.2069
emate 3 card —2.6 (—6.9-—0.1) —12.1-6.4 -17 0.1208
All cards —2.0 (—4.8-—0.3) —21.9-85 -3.0 0.0053
1 card —0.8 (—4.1-0.4) —~18.3-14 —22 0.0466
Mal 2 card —1.4(—4.2-0.4) —7.1-2.6 -23 0.0457
ale 3 card —2.3(—4.2-0.4) —~16.6-4.5 -15 0.1632
All cards —1.4(—4.2-0.0) —18.3-4.5 —34 0.0016
1 card —1.2(=2.9--0.1) —10.8-0.9 —27 0.0176
Sexes Combined 2 card —1.1(—4.5--0.4) —5.7-23 —26 0.0237
exes L-ombine 3 card —2.1(—6.0-0.0) —11.2-4.0 -2.0 0.0786
All cards —1.4(—4.5--0.3) —11.2-4.0 —42 0.0001

IOR = interquartile (25th to 75th) range; negative numbers indicate an increase (faster) change.

4. Discussion

The K-D oculomotor function test can assist in the rapid identification of concussion.
The use of baseline data specific for an individual on the sideline can enhance the ability to
detect any changes that occur from a concussive injury. This study undertook documenting
the baseline scores of participants ranging in age from 4 to 20 years to enable the identi-
fication of differences due to age group and sex. This is one of the largest studies on the
topic to date, with 1936 participants over a 16 years age span. Although previous studies
reporting on the K-D test have included pre- and post-injury scores [12], and some studies
have endeavoured to report on normative data for specific playing populations [22,23], no
study has reported K-D scores for differences in ages over a large cohort.

This study identified that overall, the baseline scores of the K-D test became faster
by a median of 1.4 (0.3 to 4.5) s per year, when compared with the previous age group in
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the same number of reading card groups. This is similar to other studies reporting 0.3 s to
2.9 s improvement in time with every 1 years increase in age. This increment highlights the
finding that baseline tests for the K-D test should be undertaken annually.

Although the use of normative data for K-D tests has been previously reported for male
ice hockey [23] and high school American football players [22], it has also been reported [28]
that to use the K-D test without a baseline to compare results, there appears to be a reported
weak sensitivity and specificity when assessing for a concussive injury. The original valida-
tion [29] of the K-D test was for reading eye movement disorders and, when compared to a
similar age group (age 6 to 14 years) study [30] in another country, it was identified that there
were differences in the normative ranges of these same groups. This may be the same when
utilising normative data from different sporting environments and countries. In comparing
the normative data, it was identified that academic influences in visual development may
have contributed to the results [30]. In the original study, participants commenced formal
education as young as 4 years old, whereas in the comparison study [30] this occurred at age
6 years It has also been reported that there is a negative correlation (r = —0.194; p = 0.002) be-
tween K-D time and education level, where the higher the education level, the faster the K-D
time was recorded [31]. As the normative data that have been previously reported [22,23]
do not report differences in education level, and not all countries have the same academic
influences, then the utilisation of normative data has its limitations. This highlights the
problem with utilising normative data for comparisons in the assessment of a concussive
injury. Although all the participants in the current study inclusive to the age of 17 years were
in formal education, there were no separate analysis conducted for specifics such as academic
achievement and level of education. As such, the K-D times reported in this study should
not be utilised as the validation of normal ranges of scores for the K-D test for participants
aged 4 years to 20 years.

Normative data have been utilised extensively in other fields where baseline and
pre-injury testing are not feasible [32]. This may be due to limited resources available, the
facilities utilised and time factors imposed for the assessment to be conducted [33]. It is
possible that, when comparing post-concussion scores to normative values derived from a
different sample, the values utilised could influence impairment identification resulting in
returning the athlete to participation prematurely [33]. Due to the intricacy of concussion
assessment, the use of normative data may be inaccurate as the values derived have been
reported to be affected by education level [34], history of attention-deficit/hyperactivity
disorder, low /high intelligence, learning disabilities [35-37], socioeconomic status [38],
race [39], history of concussion [33,40,41] and the sport played [34,42]. It has been re-
ported [43] that factors such age, sex, and history of concussion may be risk factors for
influencing the results of the K-D test but there is a paucity of studies reporting on the
other aspects identified that could also influence the results of the K-D test. As a concussed
athlete’s post-injury performance would be below the normative values, any retesting
results will likely see practice effects on subsequent retesting, necessitating retest normative
data to be established [32]. Therefore, although the use of normative data for post-injury
evaluation is attractive as it less time and resource intensive, in terms of concussion it does
not have the research base established for its use in the field of concussion assessment and
management [32].

The findings reported here were obtained on the spiral-bound book version of the K-D
test. Although this testing platform is identical to the original study [29], this version is no
longer available. The current K-D test is available for use on a tablet or iPad-based platform
and consists of three versions of the original K-D test. When comparing the differences
in the times recorded on the spiral-bound with the computerised versions of the K-D test,
there were statistically significant (p < 0.0001) differences recorded [44]. If the baseline K-D
test was completed on the iPad-based platform, and the spiral-bound platform was utilised
for concussion, a concussive injury may be missed due to the spiral-bound version being
faster [44]. On average, there was a 3.7 s difference between these two testing platforms
and this may have clinical implications [44]. In a recent meta-analysis [12], it was reported
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that there was a mean worsening of K-D time of 4.8 s (range 3.7 to 5.8 s) from baseline
in concussed participants. The differences reported between the different platforms may
result in a concussed player being inadvertently returned to activity.

There is an increasing body of literature [12] reporting the use of the K-D test in the
sporting environment for the identification of concussion. As concussion is a particularly
difficult injury to identify and manage, the use of a tool such as the K-D test as part of
a continuum of assessment tools for concussion in the initial sideline assessment for a
concussion can assist in the rapid identification and removal of an athlete. As it is not
possible to readily identify a concussion, utilising an assessment tool without any baseline
data for the identification of concussion is limited as any result obtained may be particular
to the individual being assessed, or may in fact indicate a decline from their normal
status [23]. The use of baseline data specific for that individual on the sideline would
enhance the ability to detect any changes that occur from a concussive injury. This would
aid in the removal of the participant from further participation and the subsequent risk of
a potentially more catastrophic injury [2].

There is a learning effect with the repeated use of the K-D test [12] especially within
shortened testing timeframes [45]. This may have been more apparent in the resultant
scores by age groups if the participants in this study were tested repeatedly over subsequent
years, but this was not the case. The participants here were not longitudinally followed, so
the learning effect did not have any influence on the scores of subsequent age years for the
K-D test. As a result, the differences between the subsequent years of age for the K-D test
scores show a faster time recorded with a small effect size (d = 0.55). The changes observed
in reading time by age group further support the need for annual baseline pre-injury testing
of the K-D test and not to utilise normative-based data for the evaluation of post-injury
K-D scores in a suspected concussive injury.

As can be seen in Figure 1, the K-D test scores decreased with age as the participants
got older within the relevant number of card age groups. As the number of cards increased
(i.e., age 7 to 8 years old: one to two cards and age 9 to 10 years old: two to three cards),
initially the times became slower but with increasing age began to get faster. The changes
observed with the increases in age, and improved K-D times, have been suggested to
occur as a result of the developmental changes happening in saccadic eye movements and
cognition [8,30]. It has been previously suggested that the improvement in these times
was due to the development of white and grey matter areas of the frontal lobes and the
time improvement towards this stabilising effect is largely due to the shortening of saccade
reaction times, or latency [12]. Interestingly, some age groups recorded a slower median
K-D test time than the previous age group, i.e., female 12 vs. 13 years old age group (66.1 s
vs. 79.3 s), despite using the same number of testing cards. The reason for the slowing of
reading times by the female group may be related to differences in academic influences,
developmental saccadic eye movements and cognition [8] and highlights the non-use
of normative profiles for the use of assessment with the King-Devick. Further research
is warranted to explore if this finding occurs on other cohorts of female participants of
different ages.

In a recent study [46], participants under the age of 13 years were only tested using
the two-card assessment. By adjusting the results of the current study to report the
median scores to only two cards at age 10 to 12 years (see Figure 1), there were notable
improvements by each age group. In addition, when the participants commenced the
three-card assessment K-D test, the median time difference was not so pronounced. The
study [46] did not report any concussive injuries in the 9 years to 11 years age group but
did report that concussive injuries were identified in the 12 years age group using the
two-card K-D test assessment. As there were no other studies reporting on the use of two
cards for the 10 years to 12 years age group, further research is warranted to identify the
differences in sensitivity and specificity and in the assessment of concussion by changes in
each test card.
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Limitations to this study were that not every age group had the same number of
participants and an equal distribution of males and females. This may have resulted in
variations in the median scores reported. Although participants were asked about any
known learning or visual difficulties prior to taking part, there were no formal investigation
undertaken to verify the responses of the participants, or their caregivers who consented
to participate in the research. For those that did report any known learning or visual
difficulties, no further analysis was conducted. There was no verification of education
level, history of attention-deficit/hyperactivity disorder, high/low intelligence, learning
disabilities, socioeconomic status, ethnicity, sports participation, or history of concussion.
Further research should consider utilising the same number of males and females and, if
comparing different age groups, the same number of participants. Further research should
also be considered for differences in baselines between participants with and without a
history of concussion.

5. Conclusions

This study identified that overall, the baseline scores of the K-D oculomotor function
test became faster (improved) by 1.4 (0.3 to 4.5) s per age group. Therefore, the use of
annual pre-injury baselines is recommended. In general, there were no sex differences by
age group for K-D test times in the current cohort.
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