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Neurocognitive changes have been found in participants of contact sports without documented concussions,
raising concerns regarding the long-term consequences of subconcussive head impacts in sport. However,
sex comparisons of neurocognitive change without reported concussions have not been completed for soccer
or lacrosse athletes. Our purpose was to determine changes in clinical measures of cognitive function in
uninjured collegiate lacrosse and soccer players. Men’s soccer (N=23), women’s soccer (N=36), men’s
lacrosse (N=28) and women’s lacrosse (N=31) players wore xPatch head impact monitoring sensors for all
practices and games. Sensors measured peak linear accelerations and peak rotational accelerations, allowing
for daily density calculations. Participants completed the Sport Concussion Assessment Tool 3 and
Immediate Post-Concussion and Cognitive Testing at the beginning and end of the season. For women,
multiple statistically significant relationships were identified [decreased reaction time with increased
cumulative peak linear acceleration (rs=-0.30, P=0.03), peak linear acceleration daily density (r=-0.31,
P=0.04), and peak rotational acceleration daily density (rs=-0.31, P=0.03) and also Immediate Post-
Concussion and Cognitive Testing symptom change increased with increased cumulative peak linear
acceleration (r;=-0.38, P=0.008) and cumulative peak rotational acceleration (r;=-0.37, P=0.009)]. For men,
cognitive change scores, specifically concentration, had the only statistically significant relationship with
cumulative peak rotational acceleration (rs=0.32, P=0.02). Men had a greater number of changes over the
course of the season compared to women; however, the changes did not appear related to head impact
biomechanics. Women had many statistically significant correlations between head impacts and
deterioration in some constructs, especially symptoms.

© 2022 Thomas G. Bowman. Hosting by Science Repository.

Highlights

Men had a greater number of changes over the course of the

iil. We also noted statistically significant changes over the course
of the season, but these were likely attributed to the learning
effects of the tests utilized.

season; however, the changes noted did not appear related to

head impact biomechanics.

Introduction

Women had several statistically significant correlations

between head impacts and deterioration in some constructs,
especially symptoms and reaction time.

Sport-related head injuries and impacts are significant health problems
in the United States. Approximately 10,560 sport-related concussions
(SRCs) are reported per year in 25 National Collegiate Athletic
Association (NCAA) sports (4.47 injuries per 10,000 athlete exposures
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(AE)) [1]. Soccer and lacrosse are contact sports that have been shown
to have a high rate of SRC [1]. The overall rate of SRC was 6.31 per AE
for women and 3.44 per AE for men’s soccer players [1]. There has been
a growing body of evidence supporting differences in SRC profile and
recovery between men’s and women’s athletes. Women tend to sustain
more SRCs when playing the same (or similar) sports and it has been
reported that woman athletes have a longer duration of symptoms [1-6].

In recent years, in addition to SRCs, there has been growing interest in
the effect of subconcussive head impacts on neurological health.
Cumulative subconcussive impacts have been of interest in elucidating
a potential relationship to the progression of brain injury in athletes [7-
9]. While previous studies have shown cognitive changes as measured
by functional magnetic resonance imaging (fMRI) and EEG following
participation in football, such findings have not been consistently
replicated in football or other sports such as soccer and lacrosse [7, 10-
12]. Head impact biomechanics of lacrosse players have been found to
correlate with BESS scores [13]. However, balance and symptoms have
been found to remain stable without clinically meaningful change after
competing in contact and non-contact sports [14].

Soccer and lacrosse are both popular sports played by men and women
of all ages. While soccer is the most popular sport world-wide, in the
United States, there has been a large increase in participation in lacrosse
for both men and women [15]. The rules for lacrosse differ for men’s
and women’s athletes [16, 17]. Men’s lacrosse is considered a collision
sport, where body checks are allowed (although direct contact to the head
is not). Whereas, for women, body checking is not allowed. Because of
rule differences, male athletes are required to wear helmets with
facemasks, mouth guards, shoulder pads, elbow pads, and gloves.
Women athletes are required to wear a very limited amount of protective
equipment — eye protection and mouth guards only. Despite the
differences, the SRC rate for NCAA women’s lacrosse athletes is
reportedly higher than men (5.21/AE vs. 3.81/AE) [6].

Due to the risk of exposure to head impacts in both soccer and lacrosse,
and the concerns for neurocognitive changes due to these impacts, the
purpose of the current study was to determine whether there are changes
in clinical measures of cognitive function, despite the absence of a
concussion diagnosis, after a single season of collegiate lacrosse and
soccer for men and women. We also examined whether head impacts
were related to cognitive changes over a single season. We hypothesized
that clinical measures would diminish following a single season of either
lacrosse or soccer. In addition, we hypothesized that those participants
with higher head impact burdens would experience more diminished
neurocognitive scores.

Materials and Methods
| Participants

We recruited collegiate men’s soccer (N=23, age=19.7+1.3 years,
height=181.55+5.93 cm, mass=76.71+£10.90 kg), women’s soccer
(N=36, age=19.6+1.3 years, height=165.04+5.20 cm, mass=62.84+6.37
kg), men’s lacrosse (N=28, age=20.8+1.1 years, height=180.61+5.63
cm, mass=81.23+5.71 kg) and women’s lacrosse (N=31, age=20.1+1.0
years, height=166.03+5.10 cm, mass=63.45+7.26 kg) players from
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NCAA Division Il varsity athletics during two athletic seasons (N=112
total participants). Participants were sent a recruitment email if they were
18 years or older and currently listed on the roster for each team. We
included data from participants who completed baseline and post-season
tests and did not sustain a concussion during the data collection period.

11 Neurocognitive Testing and Instrumentation

The SCATS3 assesses patients’ current symptoms for SRC and contains
the Standardized Assessment of Concussion (SAC), which is a cognitive
screening assessing orientation, immediate memory, delayed recall and
concentration, and the modified Balance Error Scoring System (BESS).
The SCAT3 has been shown to be reliable and sensitive [18]. The
symptom score (range=0-22) defines how many symptoms the patient
reports out of 22 and the symptom severity score (range =0-132) sums
the severity of each symptom, on a scale of O=none at all to 6=severe.
The SAC has amaximum score of 30 points, where one point is deducted
for each incorrect response. Higher score indicates better cognitive
function. The SAC has been previously validated in an athletic
population, and it was found to have 95% sensitivity and 76% specificity
in identifying injured vs. non-injured athletes [19]. Reliability has also
been demonstrated [18]. The modified BESS is used to assess static
postural stability. The intraclass reliability coefficient of the modified
BESS was reported to be 0.60-0.88 [20]. The SCAT3 and modified
BESS were administered individually in a quiet room by the same
athletic trainer.

The IMPACT test is a computer-based test that provides 4 proprietary
composite scores: verbal and visual memory, visual-motor speed, and
reaction time. IMPACT has been compared and validated using other
neuropsychological measures in both uninjured and concussed subjects
and has been found to be reliable [21-25]. The verbal and visual memory
scores are computed from several sub-modules (a higher composite
score is better), reaction time is based on the average response time of
three modules (a lower number indicates a faster reaction time), and
visual-motor speed is the weighted average of an interference task of
memory paradigms (a higher composite score is better). IMPACT was
administered in small group settings by the same athletic trainer.

We used the xPatch (X2 Biosystems, Seattle, WA, USA) to collect head
impact kinematic data. The xPatch overestimates both linear and
rotational accelerations but is more accurate than other head and helmet-
mounted sensors that were available at the time of data collection [26,
27]. Since we were collecting data with unhelmeted participants during
sports participation, we selected the xPatch sensor, as this is secured
directly to the head and could be placed in the same location for all
participants.

111 Procedures

This study was approved by the Institutional Review Board at the
University of Lynchburg before participant recruitment began. Prior to
data collection, all participants signed an informed consent document.
All participants completed the SCAT3 and IMPACT prior to the season’s
start and within one week of the end of the season (last game).
Participants wore the xPatch for all games and practices during both
seasons of data collection. If a participant participated in any part of the
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day’s activity, it was counted as an AE. The xPatch stored the magnitude
(linear and rotational accelerations) of all head impacts over 10 g. The
lower bound threshold of 10 g was selected because impacts below 10 g
are typically due to activities of daily living and not impacts on the head
[28]. We used event film to verify each head impact included in the
analyses. Cumulative PLA and PRA were calculated by summing the
values for each head impact verified for all exposures during data
collection. Daily densities for each participant for both PLA and PRA
were calculated by summing the impact accelerations for all head
impacts sustained by a player for a single day and dividing the
cumulative daily accelerations by the sum of the time from the previous
impact [29].

Daily impact count

Z Acceleration;

— Time from previous impact;
i=

IV Statistical Analysis

We compared the pre-season and post-season scores (independent
variable of time) on the SCAT3 component scores (dependent variables
of symptom total, symptom severity, orientation, immediate memory,
concentration, delayed recall and modified BESS) and IMPACT subsets
(dependent variables of verbal memory, visual-memory, visual motor
speed, reaction time, and symptom score) tests. Although the symptom
severity score from the SCAT3 and the symptom score from ImMPACT
are based on similar information, we collected the SCAT3 symptoms
verbally and the ImPACT symptoms via computer. Some suggest
increased levels of disclosure when symptoms are not collected in
person, leading us to include both in analyses [30]. All of the dependent
variables associated with the SCAT3 test were count data and therefore,
the Wilcoxon Signed-Rank nonparametric test was used for analysis. For
the IMPACT variables, visual motor speed and reaction time met the
assumption of normality and therefore, a paired t-test was used for pre-
season to post-season comparisons.

The remaining variables for the IMPACT test (verbal memory, visual
memory, and symptom score) violated the normality assumption, and
Wilcoxon Signed-Rank tests were used. All season change calculations

were based on pre-season minus post-season; therefore a positive z-score
indicated a decrease in score from pre-season to post-season whereas a
negative z-score indicated an increase in the variable post-season
compared with pre-season. Higher scores denote better performance for
orientation, immediate memory, concentration, delayed recall, verbal
memory, visual-memory, and visual motor speed. A lower score is
preferred for symptom total, symptom severity, modified BESS, reaction
time, and symptom total. We used the Adaptive False Discovery Rate to
control for a Type | error due to the number of pairwise comparisons [31,
32].

Spearman rank correlation coefficients were used to assess the
relationship between ordinal variables (cognitive change scores of pre-
season to post-season) and continuous head impact measures (daily
density). Magnitude of the correlations was categorized as negligible
(r=0.0-0.1), weak (rs=0.10-0.39), moderate (r;=0.4-0.69), strong (rs=0.7-
.89), and very strong (rs=0.9-1.0) [33]. For correlational analyses, data
were stratified on sex because it has been shown that men and women
recover differently from SRCs [2, 5, 6]. All statistical analyses were
performed in SPSS (IBM Corporation, Armonk, NY, version 26.0) with
an a priori criterion of alpha=0.05.

Results
I Cognitive Change Measures
i Women’s Sports

There was a statistically significant increase in the orientation score,
suggesting improvement, on the SCAT3 post-season compared with pre-
season (Z=-2.45, P=0.01) for women’s soccer players. There were no
other significant differences in the SCAT3 and no differences in the
IMPACT scores across the course of the soccer season (Table 1). There
was a statistically significant increase, showing improvement in the
delayed recall score (SCAT3) post-season compared with pre-season
(Z=-2.27, P=0.02) for women’s lacrosse players. There were no other
statistically significant differences in clinical measures across the course
of the lacrosse season (Tablel).

Table 1: Comparison of pre- and post-season [median (range)] SCAT3 and ImPACT scores for women’s lacrosse and soccer.

Women’s Lacrosse Women’s Soccer
Pre-season Post-season P Pre-season Post-season P
Symptom Total 0 (0-8) 1(0-13) 0.77 2(0-7) 1(0-8) 0.28
Symptom Severity 0 (0-8) 1(0-32) 0.54 2.5(0-12) 1(0-20) 0.23
Orientation 5 (5-5) 5(3-5) 0.18 5 (4-5) 5 (4-5) 0.01
SCAT3 Immediately Memory 15 (13-15) 15 (13-15) 0.11 15 (13-15) 15 (14-15) 0.23
Concentration 3 (1-5) 4 (1-5) 0.15 4 (2-5) 3.5 (2-5) 0.70
Delayed Recall 3(2-5) 4 (2-5) 0.02 4 (1-5) 4 (1-5) 0.17
Modified BESS 2 (0-9) 2 (0-10) 0.61 2 (0-8) 2 (0-6) 0.76
Verbal Memory 86 (48-100) 84 (51-99) 0.15 92 (72-100) 93.5 (66-100) | 0.97
Visual Memory 70 (44-96) 72 (38-99) 0.79 80 (49-99) 83 (53-100) 0.55
ImPACT Visual Motor Speed* 428+6.9 414 +£7.7 0.64 469 +£3.9 474+43 0.53
Reaction Time* 0.57 £0.07 0.57 £0.07 0.62 0.54 £0.05 0.53 £0.05 0.10
Symptoms 0(0-34) 0 (0-37) 0.07 2 (0-15) 0 (0-16) 0.79

*mean * standard deviation as these are continuous variables.
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ii Men’s Sports

The SCAT3 evaluation showed two related changes in men’s soccer
players. Symptom total, which is the total number of clinical symptoms
of an SRC, was significantly higher at the post-season when compared
to the pre-season (Z=-2.61, P=0.01). In addition, the symptom severity
score was also statistically higher at the post-season (Z=-2.28, P=0.02).
There were no other statistically significant differences across the course

of the men’s soccer season (Table 2). There were no statistically
significant differences across the course of the lacrosse season as
measured by the SCAT3. In the IMPACT test, verbal memory was
significantly higher at the post-season measurement compared to the pre-
season (Z=-2.323, P=0.02) testing. There were no other statistically
significant changes seen in the IMPACT test constructs (Table 2) for
men’s lacrosse players.

Table 2: Comparison of pre- and post-season [median (range)] SCAT3 and ImPACT scores for men’s lacrosse and soccer.
Men’s Lacrosse Men’s Soccer
Pre-season Post-season P Pre-season Post-season P
Symptom Total 1(0-12) 0.50 (0-9) 0.88 1(0-7) 0(0-5) 0.01
Symptom Severity 1.5 (0-16) 0.50 (0-14) 0.56 1(0-19) 0(0-8) 0.02
Orientation 5 (4-5) 5 (4-5) 0.10 5 (4-5) 5 (4-5) 0.32
SCAT3 Immediately Memory 15 (5-15) 15 (13-15) 0.68 15 (12-15) 15 (13-15) 0.06
Concentration 4 (2-5) 4 (2-5) 0.92 3(1-5) 3(0-5) 0.67
Delayed Recall 4 (1-5) 4 (1-5) 0.75 4 (1-5) 4 (2-5) 0.77
Modified BESS 1(0-5) 2 (0-6) 0.08 3(0-8) 3(0-12) 0.84
Verbal Memory 89.5 (65-100) 91 (71-100) 0.02 87 (50-98) 90 (63-100) 0.31
Visual Memory 84.5 (52-96) 79.5 (47-99) 0.23 81 (43-100) 82 (54-100) 0.78
IMPACT Visual Motor Speed™ 440+54 45145 0.28 433 +56 45149 0.17
Reaction Time* 0.56 +0.05 0.56 +0.06 0.50 0.57 £0.04 0.55 +0.04 0.13
Symptoms 0.50 (0-18) 0 (0-26) 0.58 0 (0-18) 0 (0-18) 0.05

*mean * standard deviation as these are continuous variables.
Il Head Impact Measures

Descriptive statistics for the head impact biomechanical measures can be
seen in (Table 3). In men’s sports, the only statistically significant
pairwise comparison was between cumulative PRA and SCAT3
concentration change from pre-season to post-season (rs=0.32, P=0.02).
As concentration scores decreased, cumulative PRA increased. In
women’s sports there were multiple statistically significant relationships
including change in reaction time with cumulative PLA (rs=-0.30,
P=0.03), PLA daily density (r=-0.31, P=0.04), and PRA daily density

Table 3: Descriptive statistics for head impact biomechanical measures.

(rs=-0.31, P=0.03). The significant inverse relationship postulates that as
cumulative PLA, PLA daily density, and PRA daily density increased,
reaction time became slower over the course of the season. Additionally,
there were statistically significant correlations between ImPACT
symptom change with cumulative PLA (rs=-0.38, P=0.008) and
cumulative PRA (r:=-0.37, P=0.009)] for women. Again, as cumulative
PLA and cumulative PRA increased over the course of the season, so did
the symptom score from the IMPACT test.

Mean + Standard Deviation 95% Confident Interval

Cumulative PLA (g) 516.0 + 605.6 343.9-688.1

Women PLA Daily Density (g/sec) 516.4 + 1426.9 110.9-922.0
Cumulative PRA (rad/sec?) 5681000.0 + 7297271.4 3607138.5 — 7754861.6
PRA Daily Density (krad/sec) 5143239.02 £14331920.04 1070152.4 — 9216325.6
Cumulative PLA (g) 892.3+1197.2 548.4 — 1236.1

Men PLA Daily Density (g/sec) 3496.0 £17831.7 -1625.89 — 8617.9
Cumulative PRA (rad/sec? 8192853.1 + 10876376.6 5068792.9 — 11316913.2
PRA Daily Density (krad/sec) 26547255.8 + 142339989.3 -14337295.8 — 67432341.3

PLA: cumulative Peak Linear Accelerations; PRA: cumulative Peak Rotational Accelerations.

Discussion

We found improvement in some clinical measures used to detect SRC
over the course of 1 season of collegiate men’s or women’s lacrosse or
soccer suggesting a learning effect as has been found previously [25].
However, we found improvement in clinical SRC measures was
dependent on head impact biomechanics, especially for women. Women

Neurol Neurobiol doi: 10.31487/j.NNB.2022.02.01

with higher cumulative PLA, cumulative PLA daily density, and PRA
daily density had decreased reaction time over the course of the season.
Also, for women, as cumulative PLA and cumulative PRA increased,
their IMPACT symptom score also increased. For men, concentration
scores within the SAC decreased as cumulative PRA increased.
Although we found statistically significant correlations, the magnitude
of those relationships was weak. Further, it is important to note that the
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changes we identified after sport participation were subtle, likely
because participants were uninjured, and may be linked to head impact
biomechanics. Although our findings may not be immediately clinically
relevant, over the course of a lifetime, they may be compounded and the
long-term cumulative effect of repetitive head impacts remains not fully
understood.

Broglio etal. evaluated cognitive function in high school football players
after 1 season, finding that they did not show a decrease in cognitive
performance compared to non-contact sports athletes [7, 34]. Similar to
our study, they showed that some measurements actually improved.
Other studies with football players have identified similar findings, but
our work extends the literature by using head impact biomechanics to
contextualize improvements [35-37]. Clinical SRC measures were found
not to change after repetitive head impact in a group of football and
women’s soccer players [11]. Further, no changes in neurocognition as
measured by InPACT were identified in adolescent girls’ soccer players
following a purposeful heading protocol [38]. Heading frequency was
also found not to alter cognitive function in men’s professional soccer
players [39]. In men’s lacrosse players, previous studies have found no
decline in neurocognition after 1 season of play as measured by the
CTMT and Stroop test, similar to our findings [12]. Finally, a large study
of high school and collegiate athletes found no clinically significant
changes in symptoms, neurocognitive performance, and balance over 1
season and longitudinally over 4 seasons [14].

However, subconcussive head impacts can alter cognitive ability in
soccer players, football players, and hockey players [40, 41]. After 1
season of men’s lacrosse participation, Balance Error Scoring System
scores and sway velocities increased, suggesting deficits in postural
stability [13, 42]. Cumulative rotational velocity has also been linked to
decreased visuomotor tracking ability after men’s lacrosse participation
[43]. Other studies have found structural brain changes following
football or women’s soccer participation without diagnosed SRC [8, 10,
44-46]. Further, structural alterations have been linked to purposeful
heading frequency and have been found in professional soccer players
with no prior history of SRC [47, 48]. Other studies have suggested
subclinical changes in neurocognitive function in football, ice hockey,
and soccer participants who sustained repetitive head impacts [10].

Perhaps the deterioration in brain function that has been shown to occur
following repetitive head impacts can only be detected by clinical
measures later in life [49]. Our participants were all healthy collegiate
athletes who may have sufficient cognitive reserve to sustain repetitive
head impacts without deterioration of neurocognition [11, 50, 51].
However, it is important to note that we used diagnostic tests designed
to identify concussive injury and we included no data from concussive
impacts in the current study. In order to detect acute neurocognitive
changes, diagnostic tests that are not primarily used clinically to detect
brain function changes associated with SRC may need to be completed.
Additional longitudinal studies with various neurocognitive assessments
that are more sensitive will need to be conducted to provide additional
insight to the acute and long-term effects of repetitive head impacts.

Performance increased from pre-season to post-season under multiple

circumstances. We believe the findings suggest a learning effect from
taking the assessments a second time, as has been found previously [25].

Neurol Neurobiol doi: 10.31487/j.NNB.2022.02.01

However, most of our participants had completed a SCAT3 and the
IMPACT previously, which would have reduced unfamiliarity and
overall, our scores are similar to those reported previously [11, 25, 52].
Itis interesting that the biomechanics of head impacts seem to factor into
the improvement, especially for women. Sex differences in
neurocognitive function and neuroimaging have previously been noted.
The number of symptoms and symptom severity have been found to be
higher among women, and higher neurocognitive deficits have been
noted in women [1, 53-55]. In our study, reaction time was also
significantly correlated with increases in various impact measures in
women. Reaction time has been previously shown to be sensitive to
concussion in athletes [56]. It has also been noted that women hockey
players had significantly different DTI measures following a season of
ice hockey that was not recorded in their male counterparts [57]. It is
possible that the physical changes in the brain noted in DTl measures
could be an indicator of differences in force attenuation in the brain
between men and women. We believe sex differences in neurocognition
is an area rich for exploration in future studies.

Limitations and Future Directions

We acknowledge that we did not have a control group to use as a
comparison. Adding measures from non-contact sports such as tennis or
golf would have strengthened our design and should be considered in
future studies. Our participants all competed at the NCAA Division 111
level and came from 1 institution. Therefore, our results should not be
generalized to other populations. Style of play likely influences
repetitive head impact frequency and magnitude. Additionally, there are
limitations to the xPatch and while mouthpiece sensor systems are likely
more accurate based on laboratory testing, they also have multiple
limitations in field research that make their use difficult [26]. Finally, we
used ImPACT and the SCAT3 as clinical measures of neurocognition.
Other options exist and could produce different results.

Conclusion

This study examined clinical changes and head impact biomechanics
during a single season of lacrosse and soccer in agroup of non-concussed
athletes. Men had a greater number of changes over the course of the
season; however, the changes noted did not appear related to head impact
biomechanics. Women had several statistically significant correlations
between head impacts and deterioration in some constructs, especially
symptoms and reaction time. We also noted statistically significant
changes over the course of the season, but these were likely attributed to
the learning effects of the tests utilized.
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