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ABSTRACT
Introduction
Sensorimotor characteristics such as visual-motor reaction time (VMRT), peak force, and rate of force
development (RFD) of the neck muscles play an important role in sports-related concussions (SRC). The
purpose of this study was to establish reliability and sex differences of neck-specific VMRT and force
characteristics of neck muscles using a novel test.
Methods
This is a two-part study. A total of 15 subjects and 49 subjects participated to examine test–retest reliability
and sex differences in multidirectional choice VMRT and peak force and RFD values, respectively.
Results
Reliability was moderate for VMRT (Intraclass Correlation Coefficient, ICC = 0.406–0.624) and moderate to excellent for peak force and RFD (ICC = 0.443–0.948). Females had significantly slower VMRT
(P < 0.001–0.012), while no sex differences were found in peak force and RFD (P = 0.079–0.763).
Discussion
Future investigations should incorporate these characteristics during baseline testing and examine if they
can be identified as prospective risk factors of SRC.
Keywords: neck-specific; peak force; rate of force development; sensorimotor; visual-motor reaction time
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(i.e., grabbing a falling ruler, clicking a computer
key, etc.) or specific testing (i.e., covering face from
fast balls15 or reacting to kick up or down in response
to visual cues).16 Added choices and complexity of
tasks can add at least 100 ms to simple VMRT due
to additional processing time.17
In general, females have shown to exhibit
slower simple VMRT compared to their male
counterparts although it varies depending on individuals’ ages, athletic backgrounds, and testing
types or modes.18 It is believed to be due to greater
cross-hemispheric cerebellar connectivity19 and
stronger connectivity between sensory and motor
cortices in male brains than female brains, resulting faster reaction time.20 Because of highly adaptive nature of the brain, VMRT can be improved by
visual training.21 Unfortunately, it can also be deteriorated due to head injuries such as SRC. A recent
systematic review and meta-analysis revealed that
individuals with SRC exhibited deficits in simple
VMRT immediately after the episode and lingering VMRT deficits lasting several months.22 From
a physiological perspective, SRC could disrupt the
neural connectivity in the occipital and parietal
regions of the brain, resulting in slower visual and
visual-spatial processing in individuals with SRC.23
In addition to VMRT, another important part
of the sensorimotor system is an individual’s ability
to generate muscular tension (referred to as rate of
force development [RFD]). Females generally generate lower neck extension and flexion muscular
peak forces and RFD than their male counterparts.24
However, these sex discrepancies in neck muscular
force and RFD values became smaller when normalized to their body mass.25 In relation to SRC,
it is largely unknown if neck RFD characteristics
might be negatively affected by SRC. Therefore,
more investigations are warranted. Recently, we
developed a sensorimotor testing device to measure
neck-specific choice VMRT in addition to multidirectional neck strength and RFD. This novel device
is designed to be clinically friendly, time efficient
(each trial lasts ~10 s), and can collect neck-specific
choice VMRT, RFD, and peak force simultaneously

INTRODUCTION
There are 1.6 to 3.8 million estimated occurrences of sports-related concussions (SRC) among
young and athletic individuals.1 Additionally, there
is evidence that females suffer from SRC at a higher
rate than their male counterparts.2 Sex differences
in neck biomechanical characteristics (less neck
stiffness, higher linear and rotational head acceleration during head impacts in females),3 reporting behaviors (higher reporting of SRC symptoms
in females),4 and neurocognitive functions (worse
visual memory in females)5 are likely contributing
to a higher SRC rate in females. Furthermore, deficits in neck muscular strength in female athletes
have gained attention, as one large prospective study
reported that every pound increase in neck muscle
strength decreased SRC risk by 5%.6 However, this
contention (neck muscle strength deficits as a risk
factor of SRC) has been challenged as ice hockey and
football athletes with higher neck strength did not
mitigate head linear or rotational acceleration experienced during practices or games.7,8 Additionally,
retrospective studies reveal that athletes with a history of SRC had similar neck muscular strength, if
not more, when compared to matched athletes without a history of SRC.9–11 Lastly, a recent prospective
study was in agreement with the notion that larger
neck circumference (a surrogate measurement of
neck strength) was not related to the risk of SRC.12
While a role of neck muscle strength in concussion mitigation is uncertain, other factors such as
anticipatory activation, faster visual-motor reaction
time (VMRT), and quick reaction of neck muscle
strength in response to a perturbation are thought
to play an important role in reduction of peak linear and angular velocity.13 A recent computer simulation study revealed that earlier onset of neck
muscle activation (40 ms prior to the head impact)
could reduce the risk of brain injury.14 Faster visual
processing time could provide critical time for individuals to activate their neck muscles quickly to
“brace for impact” and mitigate impact forces to the
brain. VMRT can be evaluated with simple testing
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under 15 min of test time. Prior to adding this novel
testing device to comprehensive SRC management,
it is critical to establish methodological variables
(reliability, precision, and clinical reference) as well
as sex differences.
Therefore, the primary aim of this study was to
establish test–retest (1 week apart) reliability, precision, and clinical reference of the novel neck-specific
choice VMRT and muscular force characteristics
by establishing test–retest intraclass correlation
coefficient (ICC), standard error of measurements
(SEM), and minimally detectable change with 95%
confidence interval (MDC95), respectively. It was
hypothesized that test–retest reliability ICC would
be moderate (0.41–0.60) to substantial (0.61–0.80)26
based on previous reliability studies.27,28 The second
aim was to examine sex differences in neck-specific
choice VMRT, peak force, and RFD in neck flexion,
extension, and right or left lateral flexion directions.
For the second aim, it was hypothesized that females
would exhibit slower choice VMRT and lower peak
force or RFD than their male counterparts based on
the previous investigation for knee-specific choice
VMRT.16 These two specific aims addressed in this
study could ensure that the novel device and data
could be used for baseline screening test or postSRC testing to monitor recovery progress and to
assist with comprehensive return-to-sport decision-
making in future investigations.

or hearing. For the first aim, test–retest reliability
studies require a minimum of 15 subjects to achieve
ICC = 0.4–0.9 with power (1–β) = 80% and alpha
(α) = 0.05.29 Therefore, a total of 15 healthy subjects (10 females and 5 males, age: 24.5 ± 2.1 years,
height: 168.1 ± 7.4 cm, weight: 70.6 ± 11.3 kg) were
recruited to participate in laboratory testing twice
(1 week apart). Most subjects were physically active
and were students in the physical therapy program.
For the second aim, an estimated sample size was
determined based on the previous data25 on sex
differences on neck muscular peak force and RFD
(average sample size estimate: n = 18 [range from
12 to 23]). Neck-specific choice VMRT has not been
investigated in the study25; therefore, results on sex
differences using the knee-specific choice VMRT
were used to estimate sample size.16 A priori power
analysis using G*Power software (version 3.1.9.2,
Dusseldorf, Germany) revealed that a minimum
of 18 subjects per group would be required to meet
the following statistical parameters, 1–β = 0.8, α =
0.05, and Effect Size Cohen’s d = 0.853, for an independent t-test design. A total of 49 healthy subjects
(21 females and 28 males) from local high schools,
colleges, and professional schools participated in the
Aim 2 of the study. All participants were physically
active at various competitive levels. Descriptive
statistics and sex differences in demographics are
provided in Table 1.
Instrumentation
A novel multidirectional neck isometric dynamometer with a six degree-of-freedom load cell
(45E15; JR3, Woodland, CA, USA) was used in this
investigation. The load cell interfaced with a baseball

METHODS
Research design and participants
This study was reviewed and approved by
the Institutional Human Ethics Review Board (19009042 and 17-006025). For both aims, inclusion
criteria were between ages 14 and 30, physically
active, and free from any neck pain or other neurological, musculoskeletal, and/or medical conditions. Exclusion criteria were mental or learning
disability, current signs or symptoms of any musculoskeletal injury, current neck or back pain or
concussions, and any surgeries or diagnosed medical conditions that affect balance, sensation, vision,

TABLE 1 Demographics

Age, years
Height, cm
Weight, kg

Female
AVE ± SD
19.3 ± 4.4
167.2 ± 7.1
62.1 ± 7.6

Male
AVE ± SD
18.3 ± 4.1
176.0 ± 7.9
73.6 ± 12.2

*Represents significant sex differences (P < 0.05).
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P
0.401
<0.001*
0.005*

Reliability and sex differences

helmet (Rawlings Coolflo Batting Helmet, Rawlings,
St. Louis, MO, USA) with an aluminum plate. Three
different helmet sizes (Tball, Junior, and Senior)
were used to ensure tight fit to each participant. The
load cell was connected to a data acquisition device
(USB-1608G; Measurement Computing, Norton,
MA, USA) and a USB isolator (UHR402; Advantech,
Milpitas, CA, USA). A monitor was placed in front
of the participants for visual cues and visual feedback. Customized LabVIEW software (National
Instruments, Austin, TX) was used to trigger a visual
cue (“FORWARD,” “BACKWARD,” “RIGHT,” or
“LEFT” arrow) at random intervals between 3 and
10 s after the initiation of each trial. Trigger time and
force output were sampled at 1000 Hz.

was automatically recorded in a spreadsheet output.
The time between the onset of the visual trigger
and a force greater than 5 N were used to calculate
choice VMRT in milliseconds (ms). From the time
point of stimulus reaction (>5 N), muscular force
was seen to rapidly increase to reach the peak within
a second or two. Forces at 50 ms, 100 ms, 150 ms,
and 200 ms were identified in the force–time plot
(Figure 2). Then, RFD was calculated by dividing
the forces (at 50 ms, 100 ms, 150 ms, and 200 ms) by
each time point (0–50 ms: 0.05 s, 0–100 ms: 0.1 s,
0–150 ms: 0.15s, 0–200 ms: 0.2 s) for each trial,
respectively. Lastly, after the values for the three
trials were averaged, the peak force in Newtons (N)
and RFD (N/s) was normalized to body mass (N/kg
and N/s*kg, respectively). In summary, multidirectional neck-specific choice VMRT, peak force, and
four RFD variables (RFD50, RFD100, RFD150,
RFD200) on each direction were analyzed in this
study.

Procedures
To conduct the test, subjects sat on a chair with
an adjustable harness to secure their trunk; they were
provided a swim cap (for hygienic purposes) which
was donned prior to fitment of the helmet (Figure 1).
Verbal instructions and explanations of all testing
procedures were provided to the subjects. They were
instructed to avoid using their trunk muscles (and
this was diminished by the tightened harnesses),
grasping the device with their hands, or pushing
against the device with their feet. During practice
trials, subjects were asked to push to each of four
directions (flexion, extension, and left or right lateral
flexion directions) at 50% effort and then at 100%
effort as warm-up to check for their comfort and any
loose belts and harnesses. Next, subjects practiced
three trials performing randomized directions for
VMRT. Subjects were instructed to push to different directions (flexion, extension, and right or left
lateral flexion) as fast and hard as they could as soon
as the visual cue (“FORWARD,” “BACKWARD,”
“RIGHT,” and “LEFT” arrow) appeared on the
monitor, respectively (Figure 1). Subjects continued
pushing as hard as they could for at least 3 s.

Statistical analyses
Test–retest reliability and precision were analyzed using ICC model 3.1 and SEM, respectively.
ICC values were classified as moderate (0.41–0.60),
substantial (0.61–0.80), and almost perfect agreement (0.81–0.99).26 SEM was calculated by multiplying a pooled standard deviation and √((1–ICC)2).
SEM is estimated from the standard deviation of
a sample of scores at baseline and test–retest reliability index of the measurement instrument or test
employed and represents the magnitude of expected
error associated with the procedures.30 MDC95 was
calculated by multiplying SEM values by 1.96*√2
to provide clinical references for each variable.
MDC95 is similar to statistical significance and represents the minimum amount of change that needs
to be observed to be considered for a real change, or
a change to which the contribution of real modifications in performance is likely to be greater than that
of random measurement error.30 ICC does not have
any unit, while SEM and MDC95 share the same
unit of each dependent variable. For sex differences,
each dependent variable (neck-specific choice

Data processing
Each trial was visually inspected using a time–
force plot (Figure 2). The onset of the visual trigger
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FIG. 1 Neck-specific choice visual-motor reaction time device, subject set-up, and visual feedback. A red
arrow will appear to any one of four directions (flexion, extension, and right or left lateral flexion) randomly
(between 3 and 10 s from the beginning of trial).

VMRT, peak force, and RFD50/100/150/200) was
screened for normality with Shapiro–Wilk tests.
Based on the normality, either independent t-tests
or Mann–Whitney U tests were performed to compare between sexes for each dependent variable.
All analyses were completed using the IBM SPSS
Statistical Version 25 (IBM Corp., Armonk, NY).
Significance was set a priori at P < 0.05.

RESULTS
For reliability and precision, VMRT was moderately reliable (ICC = 0.406–0.624), while the peak
force and RFD measurements were moderate to
almost perfect agreement (ICC = 0.443–0.948). For
precision values and clinical references, SEM and
MDC are described in Table 2. Descriptive statistics
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FIG. 2 Force–Time plot during choice visual-motor
reaction time (VMRT) test. Choice VMRT is calculated as time between the visual cue and the initiation of the force production (>5 N). RFD at 50 ms,
100 ms, 150 ms, and 200 ms (red colored numbers)
is calculated as the change of force over the change
of time (from the initiation of the force production
[>5 N]: red colored 0 ms).

TABLE 2 Test–retest reliability (intraclass
correlation coefficient model 3.1: ICC), precision
(standard error of measurement: SEM), and
clinical references (minimal detectable change with
95% confidence interval: MDC95) on reaction time
and force characteristics
VMRT
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
Peak force
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD50
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD100
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD150
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD200
Flexion
Extension
R. Lat. flexion
L. Lat. flexion

150

Forces (N)

RFD = ∆Force/∆Time
100

50

0
Visual Cue
0

Choice VMRT
250

0 100 200
50 150
750
500
Time (ms)

1000

(averages and standard deviations) for each variable and sex differences are described in Table 3.
Females had significantly slower choice VMRT in
all four directions (P < 0.001–0.012), while there
were no sex differences in normalized peak forces
(P = 0.136–0.799) and RFD. For RFD variables,
females had lower normalized RFD values; however, there were no statistically significant sex differences for all four directions (P = 0.079–0.763).
DISCUSSION
This study establishes the reliability, precision,
and clinical references for multidirectional neck-_
specific choice VMRT, neck muscular strength, and
RFD. The first hypothesis was supported as moderate to substantial ICC values were found. The current ICC values for VMRT (ICC = 0.41–0.62) were
similar to the ICC values from a previous study
using a Ruler Drop Test (ICC = 0.43–0.73) and

ICC
0.624
0.536
0.466
0.406
ICC
0.697
0.555
0.684
0.804
ICC
0.443
0.834
0.804
0.948
ICC
0.777
0.744
0.886
0.928
ICC
0.669
0.685
0.860
0.783
ICC
0.754
0.699
0.734
0.561

SEM
27.0 ms
34.9 ms
35.7 ms
31.0 ms
SEM
0.18 N/kg
0.35 N/kg
0.22 N/kg
0.21 N/kg
SEM
1.59 N/s*kg
1.29 N/s*kg
1.27 N/s*kg
0.88 N/s*kg
SEM
1.32 N/s*kg
2.60 N/s*kg
1.27 N/s*kg
1.16 N/s*kg
SEM
1.08 N/s*kg
2.29 N/s*kg
0.94 N/s*kg
1.23 N/s*kg
SEM
0.60 N/s*kg
1.34 N/s*kg
0.76 N/s*kg
1.05 N/s*kg

MDC95
74.8 ms
96.8 ms
98.9 ms
85.9 ms
MDC95
0.50 N/kg
0.96 N/kg
0.62 N/kg
0.58 N/kg
MDC95
4.41 N/s*kg
3.57 N/s*kg
3.52 N/s*kg
2.43 N/s*kg
MDC95
3.67 N/s*kg
7.20 N/s*kg
3.52 N/s*kg
3.23 N/s*kg
MDC95
2.98 N/s*kg
6.34 N/s*kg
2.61 N/s*kg
3.42 N/s*kg
MDC95
1.67 N/s*kg
3.73 N/s*kg
2.10 N/s*kg
2.91 N/s*kg

VMRT: Visual-Motor Reaction Time; PF: Peak Force; RFD:
Rate of Force Development; R. Lat. Flexion: Right Lateral
Flexion; L. Lat. Flexion: Left Lateral Flexion; RFD50,
RFD100, RFD150, and RFD200: Rate of Force Development
at each time points 0–50 ms, 0–100 ms, 0–150 ms, and
0–200 ms, respectively.
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TABLE 3 Descriptive statistics and sex differences in reaction time, peak force, and rate of force
development
VMRT
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
Peak force
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD50
Flexion,
Extension
R. Lat. flexion
L. Lat. flexion
RFD100
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD150
Flexion
Extension
R. Lat. flexion
L. Lat. flexion
RFD200
Flexion
Extension
R. Lat. flexion
L. Lat. flexion

Female AVE ± SD
561.9 ± 104.4 ms
540.2 ± 77.7 ms
481.2 ± 79.2 ms
482.0 ± 80.0 ms
AVE ± SD
1.36 ± 0.38 N/kg
1.91 ± 0.66 N/kg
1.55 ± 0.43 N/kg
1.63 ± 0.49 N/kg
AVE ± SD
4.04 ± 1.77 N/s*kg
4.89 ± 2.49 N/s*kg
5.54 ± 2.60 N/s*kg
5.26 ± 2.44 N/s*kg
AVE ± SD
4.57 ± 2.01 N/s*kg
6.55 ± 4.28 N/s*kg
6.68 ± 3.85 N/s*kg
6.43 ± 3.85 N/s*kg
AVE ± SD
4.25 ± 1.69 N/s*kg
6.25 ± 3.42 N/s*kg
5.92 ± 2.55 N/s*kg
5.93 ± 2.67 N/s*kg
AVE ± SD
3.79 ± 1.34 N/s*kg
5.56 ± 2.31 N/s*kg
4.84 ± 1.62 N/s*kg
4.91 ± 1.67 N/s*kg

Male AVE ± SD
460.2 ± 82.9 ms
451.5 ± 70.9 ms
419.4 ± 63.8 ms
418.5 ± 63.6 ms
AVE ± SD
1.52 ± 0.57 N/kg
2.26 ± 0.89 N/kg
1.69 ± 0.56 N/kg
1.67 ± 0.61 N/kg
AVE ± SD
5.60 ± 5.38 N/s*kg
6.71 ± 5.09 N/s*kg
6.09 ± 3.00 N/s*kg
5.95 ± 3.72 N/s*kg
AVE ± SD
6.53 ± 4.07 N/s*kg
7.97 ± 4.85 N/s*kg
7.44 ± 3.82 N/s*kg
7.62 ± 4.62 N/s*kg
AVE ± SD
5.88 ± 3.34 N/s*kg
8.11 ± 4.23 N/s*kg
6.69 ± 3.04 N/s*kg
6.68 ± 3.30 N/s*kg
AVE ± SD
4.53 ± 1.76 N/s*kg
7.01 ± 3.10 N/s*kg
5.36 ± 2.07 N/s*kg
5.13 ± 2.08 N/s*kg

P
<0.001*
<0.001*
0.012*
0.004*
P
0.271
0.136
0.322
0.799
P
0.201
0.083
0.473
0.763
P
0.079
0.216
0.377
0.377
P
0.083
0.103
0.355
0.401
P
0.117
0.081
0.349
0.696

*Represents significant sex differences (P < 0.05). VMRT: Visual-Motor Reaction Time; RFD50, RFD100, RFD150, and
RFD200: Rate of Force Development at each time points 0–50 ms, 0–100 ms, 0–150 ms, and 0–200 ms, respectively.

a computer-based reaction test (ICC = 0.55–0.79).27
The current reliability for normalized peak force
(ICC = 0.56–0.80) and RFD (ICC = 0.44–0.93)
was similar to our previous reliability for normalized peak force (ICC = 0.67–0.84) and RFD (ICC =
0.66–0.85) for healthy high school athletes.25 Other
studies have reported similar or higher ICC on

peak force (ICC = 0.63–0.97)31,32 and RFD (ICC =
0.83–0.99).13,33 In addition to ICC values, this study
has provided precision and clinical references using
the current novel testing procedures and variables.
Clinical references (MDC95) for multidirectional
neck muscular peak force, RFD, and neck-specific
choice VMRT were 0.5–0.96 N/kg, 1.67–7.2 N/s*kg,
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fast-paced sports and vehicle driving experiences
has shown to improve VMRT and reduce the magnitude of sex differences.18 Among athletes, there
were mixed results on sex differences in reaction
time. For example, female soccer athletes scored
slower ImPACT® reaction time37; On the contrary,
there were reports that male athletes scored slower
reaction time.38,39 The current results on sex differences in neck-specific choice VMRT agree with the
former. Again, because individuals’ age and athletic
background could influence VMRT, future studies
should control these confounding factors.
In our recent investigation on knee-specific
choice VMRT, among high school basketball
athletes, female athletes exhibited slower reac
tion time than their male athletes.16 Interestingly,
the magnitude of sex differences in our previous
study (average 99 ms) was 26% slower than the
current results during neck-specific VMRT (average 79 ms). Additionally, likely due to the distance
from the motor cortex of the brain, knee-specific
VMRT values (females: 562 ms, males: 462 ms)
were slightly slower (5.7–8.9%) than neck-specific
VMRT values (females: 516 ms, males: 437 ms) in
both sexes. While it is beyond the scope of the current investigation, these observations from our two
investigations support the notion that VMRT could
be joint-, direction, or muscle-specific and open discussions whether baseline testing should focus more
on neck-specific VMRT instead of generic VMRT
such as a ruler drop test or computer clicking.

and 74.8–98.9 ms, respectively. Based on the current methodology, MDC95 values as clinical reference provided conservative values than statistical
significance. In other words, choice VMRT in the
flexion direction was the only variable that met both
clinical (MDC95 = 74.8 ms) and statistical significance (P < 0.001). Researchers and clinicians can
utilize these MDC95 values in their practice to see
effects of preventive interventions or rehabilitation.
The second hypothesis was partially supported
as sex differences were observed in neck-specific
choice VMRT, while normalized peak force and
RFD did not show significant sex differences. Neckspecific choice VMRT values (481–562 ms) in this
study were similar to computer-based (ImPACT®)
reaction time (582–598 ms) but slower than a simple
ruler drop test values (190–199 ms).34 Normalized
peak force values in this study (1.4–2.3 N/kg) were
similar, but not as high as our previous neck strength
values for high school soccer athletes (1.6–3.2 N/kg)
and high school football athletes (1.7–3.0 N/kg).10,25
For neck RFD, the current RFD50/100/150/200
values (3.8–8.1 N/s*kg) were higher than the previous neck RFD to 90% of the peak force for soccer athletes (1.7–4.6 N/s*kg) and football athletes
(1.8–4.1 N/s*kg).10,25
Simple VMRT has been a part of comprehensive SRC clinical evaluation and management.
Among VMRT tests, reaction time measured
using a computer-based software, ImPACT®, is the
most widely utilized and could be used to identify
deficits in VMRT after SRC.22 Deficits in simple
VMRT are reported to be the largest in the acute
phase of SRC (within 72 h) with deficits lasting up
to 59 days post SRC.22 The magnitude of deficits in
simple VMRT after SRC is on an average 58 ms in
ImPACT® testing35 and 30 ms with the simple ruler
drop test36, although VMRT performance can vary
depending on age, sex, sports, types of tests, setting, etc. This study, however, was aimed to establish the reliability and sex differences in healthy
individuals without history of SRC. In literature,
it is generally accepted that females exhibit slower
VMRT than males although athletic background in

Peak force and Rate of force development
There were no sex differences in the current
study although males consistently had higher neck
strength (P = 0.136–0.799) and RFD (P = 0.079–
0.763). This finding was contrary to the hypothesis.
Most studies report that males have higher neck
muscular strength13,24,40,41; however, the magnitude
of sex difference becomes smaller or reversed when
normalized values are used.25,42,43. In a previous
study on sex differences in neck muscular RFD,
males had higher RFD than females.24 As stated earlier, the current neck peak force values were smaller
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than the previous studies, likely due to differences
in subjects’ athletic background. Additionally, new
VMRT function and testing procedures might have
influenced the peak force and RFD. For example,
during the earlier studies, subjects focused mainly
on their neck strength in the predetermined directions with verbal countdown. Additionally, subjects
could also see how hard they were pushing in the
time–force plot. Contrarily, in the current investigation, examiners remained silent until subjects
responded to the visual cue, and time–force plot
was not displayed. Both verbal encouragement44 and
visual feedback45 have shown to increase force production by 5–8%. These two factors would likely
explain the diminished values in the peak force and
a lack of sex differences.
Despite diminished peak force, the current
RFD results were higher (males: 4.5–8.0 N/s*kg
and females: 3.8–6.6 N/s*kg) compared to our previous findings (males: 2.2–4.6 N/s*kg and females:
1.4–3.1 N/s*kg).25 The main difference between
the studies was the time intervals for RFD. The
earlier study utilized the time to reach 90% peak
force while this study utilized much earlier onset:
50 ms, 100 ms, 150 ms, and 200 ms. The rationale to include earlier time intervals was that
RFD50/100 represents the neural factors to recruit
motor units and muscle fiber composition, and
RFD150/200 relates to the ability to produce maximum force.46 The earlier time intervals produced
significant changes in force (thus higher RFD)
than later time intervals (at 90% peak) (Figure 2).
Based on our previous and current results, regardless of the differences in the time intervals, no sex
difference was observed. There were trends of
sex RFD differences in the flexion and extension
directions (P = 0.079–0.083). Post-hoc power analysis revealed that ~40 subjects per group would be
needed to reach statistical significance, thus this
study may be underpowered.
A mixed role of neck muscular peak force or
strength as a risk factor of SRC has been reported.
In addition to physiological characteristics, reporting behaviors might be different between sexes

(female athletes report SRC while male athletes
might try to “shake it off”).4,47 Additionally, athletes
with SRC might be more aggressive in their playing style, predisposing them to SRC as well as other
musculoskeletal injuries.48 Interestingly, our previous study revealed that high school football athletes
with a history of SRC had significantly higher neck
muscular strength (3.5–16.7%) and RFD (21–70%)
when compared to matched control athletes.10 In our
recent prospective study, the Division III college
football athletes and wrestlers, who later suffered
SRC in the season (n = 12), exhibited significantly
higher neck strength (12.6–21.1%) and RFD (14.6–
43.3%) than the nonconcussed athletes (n = 87). The
earlier studies prompted us to investigate the temporal characteristics of the neck-specific sensorimotor
system and added the neck-specific choice VMRT.
Based on the current results, female athletes, and
individuals with a history or current episode of SRC
should explore intervention strategies to improve
VMRT. For example, effects of vision training could
be incorporated to preventive and rehabilitation
exercise as a part of SRC management strategy.49,50
The current investigation has a few limitations.
Firstly, athletic background and age of participants
were not strictly matched. As a piloting study, this
study was to explore reliability and sex differences.
However, future investigations can focus more on
specific age (high school, college, or professionals),
sport types, and competition levels (recreational
versus competitive). Secondly, additional neck
neuromusculoskeletal characteristics such as range
of motion, forward head posture, muscular endurance, muscle tone or stiffness, and proprioception
were not collected. Inclusion of these common clinical tests might add insights and could be used to
establish relationship among these characteristics.
Thirdly, the current results and sex differences in
VMRT do not mean that those individuals are at
higher risk of SRC. Prospective studies would be
needed to establish such relationships. For a rehabilitation perspective, repeated testing of neck-specific
VMRT after SRC would be needed to add clinical
importance.

DOI: https://doi.org/10.22374/jspv.v4i1.11
J Sports Perf Vis 4(1):e1–e13; 7 April 2022
This article is distributed under the terms of the Creative Commons AttributionNon Commercial 4.0 International License. ©2022 Nagai T et al.
e9

Reliability and sex differences

CONCLUSION
This study examined neck-specific VMRT
in addition to traditional neck muscular characteristics (peak force and RFD) and investigated
reliability and sex differences. Based on the current results, females might be at higher risk in part
due to delayed neck-specific choice VMRT. Future
studies should follow participants longitudinally
to validate this notion. Intervention strategies to
improve VMRT should be investigated as well.
This novel device and associated metrics may provide baseline criteria for screening as well as a reference to determine effects of SRC rehabilitation
and management.
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