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ABSTRACT. Background: Neurocognitive function may be a risk factor for anterior cruciate ligament
(ACL) injury by changing neuromuscular control such as muscle activities. However, the effect of differences in neurocognitive function on biomechanics and neuromuscular control related to ACL injury risk is
not clear. The purpose of this study was to examine the effect of differences in neurocognitive function on
biomechanics and neuromuscular control during an unanticipated side-step cutting motion. Method: The
subjects were 15 collegiate female athletes who were divided into two groups using the Symbol Digit Modalities Test (SDMT). The experimental task was an unanticipated side-step cutting motion from a 30 cm high
box. We calculated joint angles and moments using a 3-dimensional motion analysis system from the dominant leg, and measured muscle activities using a surface electromyography. We calculated the co-contraction
ratio (CCR) as relative muscle activity of the quadriceps to the hamstring. Results: As a result, subjects with
a lower SDMT score had significantly increased quadriceps activity before and after ground contact and decreased CCR only after ground contact. Conclusion : In the lower SDMT score group, the quadriceps
showed stronger muscle activity than the hamstring during an unanticipated side-step cutting motion. This
dominant quadriceps muscle activity has been reported to increase the load on the ACL, and there was a
possibility of increasing the risk of the ACL injury. Considering these factors, subjects with lower neurocognitive function could have a high risk of ACL injury due to alterations in muscle activities surrounding the
knee.
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(Phys Ther Res 21: 44-52, 2018)

P oor neuromuscular control and abnormal biomechanics
have been studied as risk factors related to anterior cruciate
ligament (ACL) injury1-3). Poor neurocognitive function was
pointed out as a new risk factor for ACL injury recently 4,5) .
Swanik et al. 4) measured the neurocognitive function using
“ImPACT”, which was mainly used as a neurocognitive
function test for concussion and scored by a computerReceived: November 6, 2017
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based method. They then compared mean scores of the two
groups : a non-contact ACL injured group and a control
group4). They reported that as for reaction time, processing
speed, and visual/verbal memory, the non-contact ACL injured group showed low scores, and they suggested that
poor neurocognitive function may be a risk factor of ACL
injury 4) . In addition, a prospective cohort study had examined the relationship between the reaction time in the “ImPACT” and the subsequent occurrence of lower limb sprain
and strain among college football players 5 ) . It was found
that as the reaction time extended, the incidence of a lower
limb injury increased, and the cut-off value was set to 0.545
sec 5 ) . The sensitivity of this cut-off value was 74% , the
specificity was 51%, and the odds-ratio was 2.945). Furthermore, prolonged neurocognitive reaction time was shown
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Table 1.

HP and LP group characteristics (mean±SD).

SDMT achievement rate (%)
Age (years)
Body height (cm)
Body weight (kg)
Q-angle (°)
Thigh-foot angle (°)
Navicular drop test (cm)
General joint laxity

45

HP group (n＝7)

LP group (n＝8)

P value

70.8±5.0

60.0±3.1

＜0.001＊

20.0±1.4
166.8±8.4
60.8±8.2

20.3±1.3
166.4±6.7
60.5±6.0

0.930
0.912
0.725

10.0±2.0
7.7±9.1
4.1±0.7
2.2±1.4

10.1±1.1
4.0±8.7
3.8±0.4
2.4±0.8

0.887
0.435
0.331
0.789

There was a significant difference between HP and LP (p＜0.05).

＊

to be a predictor of lower limb sprain and strain. These reports indicated that poor neurocognitive function is related
to the occurrence of injury, especially ACL injury. However, it is not clear how poor neurocognitive function
causes the injury.
It has been reported that the biomechanical risk factors
of ACL injury were decreased knee flexion angle, increased
knee valgus angle, increased knee abduction moment, and
increased ground reaction force (GRF) 1-3,6 ) . In addition, alterations in muscle activities during motion were reported
as neuromuscular control factors of ACL injuries 1-3,7-12) . The
influence of the imbalance of muscle activities of the quadriceps and hamstring has been studied, especially the strong
contraction of the quadriceps has been reported to increase
the risk of the ACL injury10-12).
Neurocognitive function is composed of visual attention, self-monitoring, agility/fine motor performance, processing speed/reaction time, and dual-tasking13). Olsen et al.14)
found from video analysis that an athlete’s attention at the
time of an ACL injury was towards opponents and goals.
Therefore, we consider that an athlete with the poor neurocognitive function might perform susceptible motions in the
following situations: the next play selection, sudden change
of the landing point, or unexpected motion. Therefore, an
athlete with poor neurocognitive function may have a high
risk of ACL injury due to fatal biomechanical errors and
poor neuromuscular control during sports activity. However, the influence of the neurocognitive function on complex tasks is not clear. Herman et al. 15) studied the relationship between neurocognitive function using a computerbased test called the Concussion Resolution Index (CRI)
and kinematics and kinetics of lower limbs during an unanticipated landing motion. They grouped the subjects into a
higher-performers (HP) group and a lower-performers (LP)
group according to the CRI score 15) . The LP group showed
a significant increase in peak vertical ground-reaction force,
an increased peak anterior tibial shear force, increased knee
adduction moment, and increased knee valgus angle, as
well as a decreased trunk flexion angle 15 ) . These results
showed that if an athlete had poor neurocognitive function,

there was a high-risk of ACL injury 15 ) . However, the relationship between muscle activity and neurocognitive function during unanticipated motion has not been studied.
The purpose of this study was to clarify the difference
of an unanticipated side-step cutting motion between a
higher performance (HP) group and a lower performance
(LP) group in a neurocognitive function test. We hypothesized that the LP group would demonstrate a lesser knee
flexion angle, greater knee valgus angle, greater hip adduction angle, and greater hip internal rotation angle. In kinetics, a greater knee valgus moment, greater hip adduction
moment, and a greater vertical GRF could be generated. As
for muscle activities, the co-contraction ratio (CCR) of the
quadriceps and the hamstring would increase, as a consequence of increased quadriceps and decreased hamstring
muscle activities.

Method
Participants
Subjects were 15 female athletes ( mean ± SD age :
20.1 ± 1.3 years; height 1.67 ± 0.7 m; weight: 60.6 ± 6.9
kg), playing sports including jumping/cutting motions (e.g.,
basketball and soccer) in university athletic clubs. They belonged to the highest national competition level, and they
were practicing 2-3 hours a day, 5-6 days a week. Exclusion criteria were any injuries in the lower limbs, a concussion within the past six months, any disorder of the peripheral sensory system, or a past history of surgery in the lumber spine or lower limbs. We collected the data from the
following measurements from their dominant leg to remove
any anatomical characteristics that could be a risk factor of
ACL injury: Q-angle, thigh-foot angle, navicular drop test,
and general joint laxity 16 ) (Table 1). All subjects provided
written informed consent before their participation. This
study was approved by the Ethical Committee of the Faculty of Health and Sports Sciences at the University of
Tsukuba (approval number. 28-37).
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leg. The dominant leg was defined as the leg with which
the subjects would prefer to kick a ball. The subjects wore
spandex athletic tops and shorts and were barefoot, and
jumped off a center of force platform from a 30 cm high
box placed at its edge. They were then asked to perform
one of the tasks according to a command on a personal
computer (PC) monitor immediately after leaving the box.
The PC was synchronized with a foot switch at the top of
the box and displayed one of the tasks at random. Therefore, they were forced to alter their motion before landing
on the force platform with unanticipated timing23,24). The PC
monitor was set 4 m away from the box at a height of 30
cm (Fig. 2). Instructions for each experimental task were
given on the monitor: (1) CUT: when a yellow horizontal
arrow is displayed, (2) LAND: when a blue circle is displayed, and (3) STEP: when a red upward arrow is displayed. We showed the direction of motion with tape on the
ground and subjects were instructed to step to one of the directions (Fig. 3). In this research, we analyzed only the task
of CUT.

Figure 1.

The symbol digit modalities test (SDMT).

Neurocognitive Test
Neurocognitive testing was performed using the Symbol Digit Modalities Test ( SDMT ) 17 ) . Participants were
asked to fill out 110 boxes under symbols with the corresponding number within 90 seconds, referring to a key on
top of the test form to identify which number goes with
each symbol 17,18 ) (Fig. 1). The number of correct answers
were counted, and the achievement rate (%) was calculated
for analysis and grouping the subjects, by dividing the
number of the correct answers by 110. The subjects were
grouped into a HP group and a LP group according to the
achievement rate. The median of SDMT was used as a cutoff value to group the subjects, since a standard cut-off
value of the SDMT has not been defined 18) . It was reported
that SDMT is a test to evaluate psychomotor speed, visual
short-term memory, attention, and concentration19). Reliability of SDMT is reported to be 0.82-0.8419). SDMT is mainly
used for functional evaluation before and after concussion20)
and evaluation of the neurocognitive function for multiple
sclerosis 21,22 ) . The validity of SDMT was examined with a
paper-and-pencil test as well as a computer-based test 18 ) .
SDMT was measured at the same time as the motion analysis was done.
Experimental Tasks (the unanticipated cutting task)
Three motions were selected as experimental tasks :
side-step cutting 45 degrees ( CUT ) , single-leg landing
(LAND), and forward stepping (STEP) using the dominant

Data Collection (kinematic, kinetic and EMG)
A three-dimensional motion analysis system, the VICON MX motion analysis system (VOCON, Oxford, UK)
was used to capture the task motions with a 250 Hz sampling rate through 10 infrared cameras. Thirty-five retroreflective markers were placed over the whole body of each
subject in a standard Plug-in Gait model ( Helen Hays
marker-set) on anatomical landmarks25,26).
Ground reaction force data was obtained at 1,000 Hz
from a force platform ( Kistler Instruments, Inc. , model
9281C, Winterthur, Switzerland) which was synchronized
with the kinematic data. Joint moments were calculated on
the dominant leg side through a full inverse-dynamic model
implemented by the use of VICON Plug-in Gait. The estimated joint moments were normalized by the body weight
of the subject. Joint moments were reported as external
torques.
Surface electromyography (EMG) data were recorded
at 1,500 Hz from a 7-channel EMG system (Telemyo DTS,
Noraxon Inc.; Scottsdale, AZ, USA) and collected synchronously with motion and force platform data. Bipolar surface
electrodes (Ag-AgCl) were separated by 2 cm and placed
on the following seven muscles: gluteus medius (GMed),
adductor longus (Add), rectus femoris (RF), vastus medialis
( VM ) , vastus lateralis ( VL ) , biceps femoris ( BF ) , and
semimembranosus (SM). Each electrode was placed as follows: GMed, approximately 2 cm below of the midpoint of
the iliac crest over the muscle belly; Add, approximately 10
cm below the pubic symphysis over the muscle belly; RF,
approximately halfway between the patellar upper part and
the anterior superior iliac spine over the muscle belly; VM,
approximately 5 cm from the medial patellar at 45 degrees
over the muscle belly; VL, approximately distal two thirds
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Figure 2.

A: Experimental environment.
B: Footswitch and 30cm high box.

Figure 3. The procedure of unanticipated side-step cutting task.
(1) Subject stood by stepping on the footswitch with their dominant leg on a 30cm high
box.
(2) Immediately after the subject jumped off the box, an experimental task was displayed on
the monitor.
(3) Subject reacted to the instruction displayed on the monitor.
(4) Side-step cutting motion landed on the force platform with the dominant leg and immediately took one step in the direction of 45-degrees.
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Table 2.

Peak kinematics and kinetics variables comparing HP and LP
groups performing an unanticipated cutting motion (mean±SD).

Hip angle (°)

Knee angle (°)
GRF (%BW)
Hip moment
(Nm/kg)
Knee moment
(Nm/kg)
＊

Flexion
Adduction
Internal rotation
Flexion
Valgus
Vertical
Flexion
Adduction
Flexion
Abduction

HP group

LP group

P value

37.0±5.0
4.7±3.7
−2.1±4.8
62.0±5.3
14.6±10.1
5.5±1.0
33.5±16.5
22.8±8.9
53.5±11.1
5.6±3.2

36.6±10.3
0.0±5.7
−3.6±10.5
55.4±8.8
10.7±5.7
5.3±1.0
26.8±25.8
21.9±8.3
54.0±6.5
8.5±4.2

0.929
0.087
0.730
0.111
0.382
0.621
0.568
0.851
0.927
0.165

There was a significant difference between HP and LP (p＜0.05).

between the patellar lateral side and the anterior superior
iliac spine over the muscle belly ; SM and BF, approximately halfway between the tibial lateral epicondyle and
the ischial tuberosity over the muscle belly. The skin was
shaved and exfoliated using a skin treatment agent then
cleaned with an alcohol swab before electrode placement.
The subjects conducted several practical trials and experienced a comfortable trial before starting data collection.
Each subject completed three trials for each motion pattern.
After completion of all nine trials, the subjects’ participation in the study ended.

HAM activity relative to QUAD activity. Low CCR indicated less HAM activity relative to QUAD activity.
EMG data were recorded for 50ms before IC (pre-IC)
and the first 50ms (post-IC) of the cutting phase, as in the
previous research 30 ) . This was done for the following reasons: (1) we chose 50ms before IC because this is appropriate for individual pre-planned muscle recruitment strategy 31) , and (2) we chose the first 50ms of the stance phase
for side-step cutting to assess muscle activation immediately after IC because ACL injuries occur within approximately 50ms after IC32-34).

Data Analysis
The raw kinematic and ground reaction force data
were filtered based on a frequency content analysis of the
digitized coordinate data. Marker trajectories were filtered
at 7 Hz using a 4th-order Butterworth filter using VICON
Nexus 1.6.1 software (Oxford Metrics Ltd., UK). The kinematics and kinetics data normalized the stance phase to 101
points. As described in a previous paper 27) , ‘initial contact’
(IC) was defined as the time where vertical ground reaction
force is higher than 10 N, and ‘weight acceptance’ (WA)
was defined as the first 30% of stance. For all kinematics
and kinetics data, the peak value in the WA phase were calculated.
For EMG data, the stored raw signals were band-pass
filtered (20-500 Hz), and root mean square (RMS) processed with a 10ms time constant using Myomuscle (Noraxon Inc.; Scottsdale, AZ, USA). Before data collection,
the RMS data were then normalized by the maximum voluntary contraction (MVC) for each muscle (%MVC). The
MVC was recorded for 5-seconds, and the average amplitude determined from the stable RMS for 3-seconds.
The averaged activity of the knee flexors (HAM) were
calculated from BF and SM, and the knee extensors
(QUAD) were calculated from VM and VL. We calculated
CCR (co-contraction ratio) as the relative muscle activity of
the QUAD to the HAM 28,29 ) . High CCR indicated greater

Statistical Analysis
Results were presented as mean ± standard deviation
(SD). We used an unpaired t-test to compare the differences
between the LP and the HP groups. Statistical significance
was set at p<0.05. All statistical analyses were performed
using SPSS statistics 22.0 (IBM, SPSS Tokyo, Japan).

Results
For all subjects, the average SDMT achievement rate
was 65.0 ± 6.8% and the median was 63.6%. From this result, the top 7 subjects were allocated to the HP group and
the remaining eight subjects were allocated to the LP group.
The achievement rate in the HP was significantly larger
than that of the LP (HP: 70.8 ± 5.0%, LP: 60.0 ± 3.1%; p<
0.001) (Table 1).
There were no significant differences between the two
groups in the peak joint angles and moments (Table 2 ) .
There were no significant differences in the HAM activity
between the groups. The QUAD activity in the LP was significantly larger than that of the HP at pre-IC (HP: 40.7 ±
21.5%, LP: 78.4 ± 37.9%; p=0.038). The LP was significantly larger than HP at post-IC (HP: 80.8 ± 26.7%, LP:
137.2 ± 54.0%; p=0.027). The CCR of HP was larger than
those of LP at pre-IC (HP: 158.3 ± 150.5%, LP: 59.1 ±
21.7%), and HP was significantly larger than LP at post-IC
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Table 3. Muscle activities variables comparing HP and LP groups before
and after the IC (mean±SD).

HAM (%MVC)
QUAD (%MVC)
CCR (%)

pre-IC
post-IC
pre-IC
post-IC
pre-IC
post-IC

HP group

LP group

P value

42.7±14.6
36.4±16.0
40.7±21.5
80.8±26.7
158.3±150.5
50.8±27.1

41.4±12.2
37.0±17.5
78.4±37.9
137.2±54.0
59.1±21.7
28.0±10.7

0.853
0.946
0.038＊
0.027＊
0.087
0.046＊

HAM was the average muscle activity of the knee flexor and calculated
from BF and SM. QUAD was the average muscle activity of the knee extensor and calculated from VM and VL. The co-contraction ratio (CCR)
was calculated as a relative muscle activity of the QUAD to the HAM.
＊There was a significant difference between HP and LP (p＜0.05).

(HP: 50.8 ± 27.1%, LP: 28.0 ± 10.7%; p=0.046) (Table 3).

Discussion
We investigated the influence of differences in neurocognitive function measured by SDMT on lower limb kinematics, kinetics, and muscle activities during an unanticipated side-step cutting motion. In this study, there were no
significant differences between the two groups in the lower
limb kinematics and kinetics. In the LP group, increased
QUAD activities at the pre-IC and post-IC, and decreased
CCR at post-IC were recorded. These results supported our
hypothesis. To our knowledge, this study is the first study
showing an association of neurocognitive function with
muscle activities, using a paper-and-pencil neurocognitive
function test called SDMT.
Many previous studies had pointed out that an imbalance of the muscle activities between the quadriceps and
hamstring strongly influences the occurrence of an ACL injury 7-10) . The knee slightly flexes immediately after the IC,
and the tibia is pulled out anteriorly against the femur by a
quadriceps contraction. This traction force acts as an anterior shear force on the tibia. Therefore, the quadriceps
dominant muscle activity at the time of landing increases
the risk of ACL injury by increasing the load on the
ACL 11,12) . In addition, the hamstring protectively acts as an
inhibitor of shear force, working as an antagonist12,35). Thus,
strongly contracting the quadriceps muscle immediately after ground contact could hurt the knees 36) . In the LP group
of this study, muscle activity dominated by the quadriceps
occurred soon after IC, and we could say that it is a muscle
activity with a high risk of ACL injury.
It was reported that the normative data of SDMT was
58.2 ± 9.1 ( converting to an achievement rate : approximately 53%) as the number of correct answers for young
adults (<30 years) 37) . For all subjects of this current study,
the average of the SDMT achievement rate was 65.0 ±
6.8%. The average score of the LP group was 60.0 ± 3.1%,

while the lowest value of the subject was 55.5%. Therefore,
it was considered that the score of the subjects of this study
was higher than the normative data. Thus, since the subjects
of this current study have good neurocognitive function
measured by SDMT, it was considered that no difference
was observed between groups in kinematics and kinetics
during an unanticipated cutting motion.
The relationship between lower limb kinematics and
kinetics during an unanticipated landing motion and neurocognitive function had been studied using a computer test
called the Concussion Resolution Index (CRI)15). In a previous study 15 ) , the lower CRI score group showed a significant increased in peak vertical ground-reaction force, increased peak anterior tibial shear force, increased knee abduction moment, and an increased knee abduction angle, as
well as a decreased trunk flexion angle 15 ) . These results
showed that athletes with a lower baseline neurocognitive
function generated knee kinematics and kinetics that increased the ACL injury risk 15) . The results from this previous research 15) were different from our study, in which the
influence was not clear for kinematics and kinetics due to
differences in neurocognitive function.
The reason why different results were obtained in our
current research compared to the previous research 15) might
be that the experimental methods and the selection criteria
of the subjects were different. First, in the current study, the
subjects were only female athletes in a high-level of competition, whereas the previous study 15 ) included both male
and female recreational level athletes. However, female athletes are known to have a higher incidence of ACL injury
than male athletes 38,39 ) and the causes are diverse 1-3 ) . Especially, it has been reported that there is a sex difference between biomechanics and neuromuscular control in landing
and cutting motion 34,40) . Therefore, in a biomechanics study
such as the current study, the sex of the subjects might influence the results. The competition level dose not influence the ACL injury rate41,42). However, it was reported that
there are differences in the biomechanics of the knee de-
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pending on the competition level during an unanticipated
cutting task24,43). For recreational level athletes, but not high
competition level athletes, there is a significant effect on
the frontal plane knee kinematics and kinetics during a
single-leg land-and-cut motion24).
Second, for the neurocognitive function test, the current study used a paper-and-pencil test, whereas the previous study 15 ) used a computer test. SDMT only examined
factors such as psychomotor speed, visual short-term memory, attention, and concentration in neurocognitive functions18,19). As components of neurocognitive function, visual
attention, self-monitoring, agility/fine motor performance,
processing speed/reaction time, and dual-tasking have been
reported 13 ) . Therefore, it was not possible to evaluate all
components of neurocognitive function with SDMT alone.
From the above, the current study examined the influence
of part of the neurocognitive function and unanticipated
side-step cutting motion.
Third, experimental tasks also had unanticipated settings: they differed between the side-step cutting and the
single-leg landing15), which was thought to affect the results.
Thus, there are some differences in the methods of this research and previous research 15 ) . There has been no other
prior study that has examined the relationship between neurocognitive function and biomechanics. Therefore, further
study is necessary for the interpretation of the results.
It was reported that neurocognitive function examined
by SDMT had the four following components: psychomotor speed, visual short-term memory, attention (especially
ability to divide attention), and concentration 19 ) . The decreased SDMT score could lead to poor neuromuscular
control, especially psychomotor speed and attention components could be related. For example, an athlete with fine
psychomotor speed and attention may rapidly adjust to new
demands during sports activities while maximizing sports
performance and safety. Conversely, low psychomotor
speed may reduce the ability to keep reaction to variable
demands during sports activities within an adequate time to
allow for safe and appropriate responses. Furthermore,
when the ability to divide attention is insufficient, it would
be difficult to pay visual attention to the surrounding situation and to monitor the neuromuscular performance associated with the athletic task appropriately at the same time.
Thus, an athlete with a low SDMT score may have poor
biomechanics and neuromuscular control13).
Herman et al. 13 ) described the association of impairment of neurocognitive function with increased musculoskeletal injury risk. It has been reported that poor neurocognitive function causes a decrease in the visual attention,
self-monitoring, agility and fine motor performance, processing speed and reaction time, and dual tasking 13) . Factors
that cause impairment of neurocognitive function were inadequate sleep, concussion, psychological stress, and poor
baseline neurocognition 13 ) . By understanding and control-

ling these factors, neurocognitive functions can be preserved, and it may lead to the prevention of injuries.
From the results of this current study, it was suggested
that a lower SDMT score leads to poor neuromuscular control that the muscle activity of the quadriceps dominates
during unanticipated side-step cutting motions. It has been
reported that poor neuromuscular control was an important
risk factor for ACL injury1-3). Therefore, we considered that
lower neurocognitive function was a part of the increased
risk factors of ACL injury by causing poor neuromuscular
control. However, there are still many problems when using
neurocognitive function as screening for the risk factors for
ACL injury. We do not know which test is appropriate,
such as a paper-and-pencil test like SDMT or a computer
test like ImPACT. Furthermore, the cut-off value of a neurocognitive function test is unknown. Therefore, when using a neurocognitive function test for ACL injury risk
screening, there are still many problems and further study is
necessary.
There were several limitations in this current study.
First, we used a neurocognitive function test based on a
conventional paper-and-pencil test, while computer tests
are now widely used. Paper-and-pencil tests have been able
to investigate only a single component. In addition, paperand-pencil tests have lower reliability compared with computer tests18,44). However, measuring neurocognitive function
using a computer for athletes is difficult in Japan due to
high cost and lower recognition.
Second, although the visual stimulus we used in the
current study was to display a symbol such as a simple arrow on a monitor, the stimulus condition does not necessarily match the situation of an actual game and may be a little
too simple. Our research was performed in a laboratory setting, but a cutting motion would be different in a true sports
situation. Therefore, in future research, it is necessary to examine a setting close to actual game conditions.
Third, we did not measure lower limb muscle strength
in this study. It was not clear whether the difference in muscle strength could be a risk factor for ACL injury 1-3) . Moreover, there was no consensus on the effect of lower limb
strength on side-step cutting motion 27,29 ) , but differences in
muscle strength might cause a difference in muscle activity.
It may be necessary to examine the influence of the difference in muscle strength on motion.

Conclusion
In this current study, we examined the difference in
lower limb kinematics, kinetics, and muscle activities during an unanticipated side-step cutting motion due to the difference in neurocognitive function. As a result, there were
no significant differences in the lower limb kinematics and
kinetics, while the QUAD activity of the LP was increased
pre-IC and post-IC, and was decreased in the CCR at post-
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IC. In other words, subjects with lower neurocognitive
function were observed to have muscle activity patterns
dominating the quadriceps. These altered muscle activities
could increase the risk of ACL injury11,12).
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