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Abstract

IMPORTANCE Head impacts resulting in traumatic brain injury (TBI) lead to the elevation of
phosphorylated tau protein (p-tau,g,) in plasma. To our knowledge, this study is the first to
investigate dynamics of p-tau,g, levels and the ratio of p-tau,g, to total tau in individuals after
nonconcussive head impacts.

OBJECTIVE To determine the association of repetitive low-intensity head impacts on p-tau,g, and
total tau protein levels in the plasma of young adult elite soccer players and assess the possible
association of head impacts with focused attention and cognitive flexibility.

DESIGN, SETTING, AND PARTICIPANTS In this cohort study, young elite soccer players performed
intense physical activity with and without heading the ball. The study was conducted at a university
facility in Slovakia from October 1, 2021, to May 31, 2022. Eligible participants were selected based on
similarities in demographic variables, excluding those with a history of TBI.

MAIN OUTCOMES AND MEASURES The primary study outcomes were the levels of total tau
protein and p-tau,g, in plasma samples and the cognitive status of the study participants.

RESULTS A total of 37 male athletes participated in the study (mean [SD] age: exercise group, 21.6
[1.6] years; heading group, 21.2 [1.5] years). We found significantly elevated levels of total tau and
p-tau,g, in the plasma of soccer players 1 hour after physical exercise (tau, 1.4-fold; 95% Cl, 1.2-1.5;

P < .001; p-tauyg,, 1.4-fold; 95% Cl, 1.3-1.5, P < .001) and repetitive head impacts (tau, 1.3-fold; 95%
Cl, 1.2-1.4; P < .00T; p-tau,g,, 1.5-fold; 95% Cl, 1.4-1.7 P < .001). The ratio of p-tau,g, to tau was
significantly higher 1 hour after exercise and heading training, and remained elevated specifically in
the heading group even after 24 hours (1.2-fold; 95% Cl, 11-1.3; P = .002). Performance in cognitive
tests revealed a significant decline in focused attention and cognitive flexibility after physical exercise
and heading training; physical exercise of higher intensity without heading training was associated
with a greater negative cognitive performance than heading only.

CONCLUSIONS AND RELEVANCE In this cohort study of young elite soccer players, the elevation
of p-tau,g; and tau was observed after acute intense physical activity and nonconcussive repetitive
head impacts. The increase of p-tau,g, levels relative to tau after 24 hours indicated an acute
enrichment of phosphorylated tau fraction in the periphery when compared with preimpact levels;
an imbalance of tau proteins may have long-lasting consequences in the brain of head-impacted
individuals.

JAMA Network Open. 2023;6(3):€236101. doi:10.1001/jamanetworkopen.2023.6101

ﬁ Open Access. This is an open access article distributed under the terms of the CC-BY License.

Key Points

Question What is the association of
nonconcussive repetitive head impacts
with plasma levels of phosphorylated
and total tau proteins, and how might
they be associated with cognitive
outcomes in young elite soccer players?

Findings In a cohort study of 37 elite
soccer players, a 1.5-fold increase of
phosphorylated tau,g, protein (p-tau,g;)
in plasma after nonconcussive repetitive
head impacts, and a 1.4-fold increase
after intense physical activity was
observed, while the elevation of the
p-tau,g;-to-total-tau ratio 24 hours after
training remained significant for
nonconcussive repetitive head impacts.
Performance in cognitive tests revealed
asignificant decline in focused attention
and cognitive flexibility after the
physical exercise and heading training.

Meaning These results suggest that the
acute disbalance of the p-tau,g, to total
tau ratio may implicate emerging
pathological processes in the early
presymptomatic phase of neurological
disorder.
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Introduction

Neurodegeneration and dementia are major public health, medical, and societal problems, affecting
57.4 million patients in 2019 with projected trends increasing to 152.8 million cases by 2050."3 It is
widely accepted that head impacts resulting in traumatic brain injury (TBI) are a significant risk factor
for the development of sporadic tauopathies such as chronic traumatic encephalopathy (CTE),
Alzheimer disease (AD), and other neurocognitive disorders.*® Mortality from neurodegenerative
disorders was found to be elevated in former professional soccer players.” In American football
players, the severity of CTE is associated with the number of years played.® The data on the
consequences of low-intensity repetitive head impacts that are not followed by loss of consciousness
(nonconcussive head impacts) are inconsistent. Therefore, it is not clear whether or not such mild
head impacts are associated with neuropathology.®

Phosphorylated tau protein (p-tau) is a key pathogenic molecule that plays an important role in
development of neurofibrillary degeneration.'®" It was experimentally demonstrated that mild TBI
leads to tau protein hyperphosphorylation, which induces the loss of intercellular connectivity and
neuronal death.™" Tauopathies develop undetected before the onset of clinical signs and become
apparent after a long period of latency.'®!” P-tau,g, is considered a promising biomarker for early
detection of AD, frontotemporal lobar degeneration, and TBI of all severities.”'8-23 While it has been
suggested that cognitive tests should be an integral part of the holistic approach to assessment of
TBI outcome,?* the cognitive consequences of minor, nonconcussive head impacts in context of
p-tau quantification have not been widely studied.

To our knowledge, this is the first study investigating the effect of repetitive nonconcussive
head impacts such as heading in soccer on the plasma level of p-tau,g;,. We aimed to test the
hypothesis that mild head impacts can lead to quantifiable changes in the plasma level of p-tau, and
that these changes are accompanied by neurocognitive impairments at multiple time points after
the impacts. We focused on quantifying plasma levels of total and phosphorylated tau in a highly
uniform cohort, young male soccer players, before and after the physical training and regular heading
training sessions.

Methods

Participants

Recruited participants were college soccer players at Comenius University who played competitions
in the elite youth category U19 (ie, under age 19 years) and senior category outside the university
environment in various Slovak soccer clubs. A total of 37 male young adults between ages 19 and 24
years participated in the study. Players underwent blood sampling and focused psychological tests
prior to training sessions in order to establish the pretraining (reference) baseline in both domains.
The ethical review board of the Comenius University in Bratislava, Faculty of Physical Education and
Sport approved this study with human participants, and all involved athletes provided written
informed consent prior to beginning the study. The study was conducted from October 1, 2021, to
May 31, 2022, and followed the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline for cohort studies.

Study Design

All athletes were evaluated for physical fitness by recording their individual heart rate using a monitor
(Polar Electro Oy) at 5-second intervals. Individual performance of the athletes and the maximal
heart rate were measured during a baseline training 7 days before the start of the study. The highest
heart rate during the test was determined as maximal heart rate. The acquired data served as an
indicator for designing the consecutive soccer training and heading sessions. This strategy aimed to
maintain a high level of physical activity that was within the aerobic interval, represented by 70% to
75% of maximal heart rate. Furthermore, this target load intensity allowed simultaneous
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performance of aerobic soccer exercise and successful accomplishment of header tasks during
heading training. Heart rate monitors were used during all training sessions. The players performed
regular soccer training, including headers (mean [SD], 5.3 [4] headers per session, self-reported) 48
to 24 hours before baseline testing. The intensity of physical exertion within this time period was not
recorded. Before and between blood collection time points, the players followed a resting regime
for 24 hours. Baseline training (week 0) was followed by soccer training without heading the ball
(week 1) and subsequent soccer training including the ball-heading drills (week 2). Further details on
soccer training, heading training, impact force, video analysis, blood collection and processing,
biochemical procedures and psychological testing are included in eMethods in Supplement 1.

Outcomes

The primary study outcomes were the levels of total tau protein, p-tau,g;, and the ratio of p-tau,g, to
tau in plasma samples, as well as cognitive status (attention and flexibility) of the young elite soccer
players. Study participants were assessed for primary outcomes at 3 time points, before (ie, from
baseline to O hours) and after (1 hour and 24 hours) the 2 types of training, soccer exercise without
heading the ball and soccer exercise including low-intensity repetitive headers.

Statistical Analysis

Statistical analyses and figure processing were performed using GraphPad Prism version 9.3.1
(GraphPad Software). To correct for the basal, interindividual variability among the athletes, the
plasma proteins concentration for each individual is expressed as a fold change at 1 hour and 24 hours
from its own baseline. Group changes were visualized as mean fold change profiles with 95% Cls per
training group. The mean fold change from baseline was compared in both training arms and at all
time points (baseline to O hours, 1hour, and 24 hours) using ANOVA for repeated measures
considering the time (baseline, 1hour, and 24 hour) as a within-participant factor and group
(exercise, heading) as a between-participants factor, using Tukey post hoc tests. Correlation between
the biomarkers, percentage of maximal heart rate, and number of headers was assessed with the
Spearman correlation coefficients. Correlations and adjusted P values for multiple comparisons were
considered significant at 2-sided P < .05 level.

Results

Demographic Information

This study included 37 college soccer players (all males of White European ancestry). The group of
exercise athletes consisted of 32 players, the heading group included 28 players, 23 of whom also
completed exercise training without headers. Participants of both training units did not differ
significantly in demographic variables, such as mean age (exercise group, 21.6 [1.6] years vs heading
plus exercise group, 21.2 [1.5] years), years of performing organized sport (14.2 [2.4] years vs 14.4 [2.1]
years), weekly sports activity (407 [117] minutes vs 434 [110] minutes), body mass index (calculated
as weight in kilograms divided by height in meters squared; 22.9 [1.8] vs 22.9 [1.6]), and self-
reported history of TBI (O in both groups) (Table 1). Individuals with a history of TBI were excluded.

Training Parameters

Physical performance of all athletes was monitored by heart rate monitors during both training
sessions. Comparison of heart rate parameters revealed significantly higher mean heart rate of
soccer players during the exercise without heading the ball when compared with the exercise
including heading training (exercise group, 138 bpm; 95% Cl, 134-143 bpm vs heading plus exercise
group, 131bpm; 95% Cl, 126-136 bpm; P = .01) (Figure 1A). Both types of training also differed in the
mean percentage of maximal heart rate that was higher during exercise without headers compared
with heading training (73%; 95% Cl, 71%-75% vs 69%; 95% Cl, 67%-72%; P = .01), indicating more
intensive physical exercise (Figure 1B).
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The mean (SD) performed headers among players was 256 (35) (median [IQR], 251[228-282])
(Table 2). The mean (SD) measured ball velocities during heading training were as follows: warm up
heading (8.3 [0.11 m/s), heading in sitting position (8.3 [0.1] m/s), heading over defender (10.3 [0.1]
m/s), square drill heading (11.1[0.2] m/s), zig-zag exercise heading (13.9 [0.11 m/s), small-sided games
heading (15.3 [0.2] m/s). Calculated impact forces together with average number of performed
headers in specific heading exercises are summarized in Table 2.

Table 1. Characteristics of Study Participants and Training Parameters

Athletes, mean (SD)

Characteristics Exercise (n = 32) Heading (n = 28) P value
Age,y
Decimal 21.6 (1.6) 21.2(1.5) >.99
Sports? 14.2(2.4) 14.4(2.1) >.99
Weekly sports activity, min 407 (117) 434 (110) 21
BMI 22.9(1.8) 22.9(1.6) >.99
History of TBI 0 0 Abbreviations: BMI, body mass index (calculated as
Training parameters weight in kilograms divided by height in meters
Heart rate, bpm 138 (12) 131 (14) 01 squared); bpm, beats per minute; TBI, traumatic
. - brain injury.
Maximal heart rate, bpm 189 (8) 188 (8) >.99
: @ Sports age refers to years of performing organized
Percentage at maximal heart rate 73 (5) 69 (6) .01

sport activity.

Figure 1. Physical Activity Parameters and Psychological Testing
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Cognitive Outcomes

Neuropsychological examination of soccer players using both parts of the trail making test (TMT)
identified significantly worse scores after exercise (mean TMT-A, 75.16 seconds; 95% Cl, 68.30-82.01
seconds; P < .001; TMT-B, 80.26 seconds; 95% Cl, 69.83-90.68 seconds; P < .001) and heading
training including exercise (TMT-A, 33.76 seconds; 95% Cl, 30.11-37.42 seconds; P < .001; TMT-B,
63.92 seconds; 95% Cl, 56.99-70.84 seconds; P = .04) compared with baseline (TMT-A, 26.19
seconds; 95% Cl, 23.06-29.31 seconds; TMT-B, 53.53 seconds; 95% Cl, 45.55-61.50 seconds) testing
(Table 3). Additionally, exercise without headers resulted in a significantly worse score in focused
attention (exercise TMT-A, 75.16 seconds; 95% Cl, 68.30-82.01 seconds vs heading plus exercise
TMT-A, 33.76 seconds; 95% Cl, 30.11-37.42 seconds; P < .001) and cognitive flexibility (exercise
TMT-B, 80.26; 95% Cl, 69.83-90.68 seconds vs heading plus exercise TMT-B, 63.92 seconds; 95%
Cl, 56.99-70.84 seconds; P = .02), even in contrast to training with heading (Figure 1C-D).

Changes in Circulating Plasma Neuroproteins After Exercise and Heading Training

in Soccer Players

To elucidate the association of repetitive nonconcussive head impacts with neuronal markers, we
performed a detailed analysis of total tau and p-tau,g, in plasma of soccer players while accounting
for the effect of physical activity. The mean plasma concentrations of total tau and p-tau,g, examined
at baseline were similar in both groups of athletes (Figure 2A). Quantitative digital enzyme-linked
immunoassay identified similar significant change in plasma tau levels 1hour after physical exercise
(1.4-fold; 95% Cl, 1.2-1.5; P < .001), and 1 hour after heading training including exercise (1.3-fold; 95%
Cl, 1.2-1.4; P < .001) when compared with baseline. The increased total tau levels in plasma of soccer
players normalized to baseline within 24 hours (Figure 2B). The between-participant group factor
was not significant, nor was the interaction between group and time. A similar increase, yet with a
slightly higher magnitude of change, was observed for p-tau,g, at 1-hour post-exercise (1.4-fold; 95%
Cl,1.3-1.5; P < .001) and postheading including exercise (1.5-fold; 95% Cl, 1.4-1.7; P < .001),
respectively. An increased level of peripheral phosphorylated tau was identified even 24 hours
posttraining (Figure 2C). Neither the effect of the group factor nor the interaction between the group
and time factors were significant. We observed an increased plasma p-tau,g,-to-tau ratio in both
groups at 1 hour postexercise (1.1-fold; 95% Cl, 1.0-1.2; P = .04) and postheading including exercise

Table 2. Characteristics of Heading Training

No. of headers, Impact force per
Heading training mean (SD) 1 heading (SD), newtons
Warm up heading 19 (2) 187 (3)
Heading in sitting position 30(1) 187 (2)
Heading over defender 28 (4) 232 (4)
Square drill heading 46 (4) 250 (4)
Zig-zag exercise heading 124 (33) 313 (3)
Small-sided games heading 9(3) 344 (3)
Total headers 256 (35) NA
Impact force, mean (Newtons) NA 270 (51)

Abbreviation: NA, not applicable.

Table 3. Changes in Attention and Cognition After Exercise and Heading Training

TMT-A TMT-B
P value P value
Exercise without Exercise with
Group Mean (95% Cl), seconds Vs baseline vs with heading Mean (95% Cl), seconds Vs baseline vs without heading
Baseline 26.19 (23.06-29.31) NA NA 53.53 (45.55-61.50) NA NA
Exercise 75.16 (68.3-82.01) <.001 80.26 (69.83-90.68) <.001
Heading plus exercise 33.76 (30.11-37.42) <.001 <001 63.92 (56.99-70.84) .04 02

Abbreviations: NA, not applicable; TMT, trail making test.
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(1.2-fold; 95% Cl, 1.1-1.2; P < .001). However, the p-tau,g,-to-tau ratio remained significantly higher in
heading group (1.2-fold; 95% Cl, 1.1-1.3; P = .002) when compared with baseline even after 24 hours.
The interaction between the group and time factors was not significant-the athletes performing
soccer-related exercise without heading the ball showed a nonsignificant small decrease in p-tau,g;-
to-tau ratio (1.1-fold; 95% Cl, 1.0-1.2; P = .08) to pretraining level within 24 hours (Figure 2D).

Further analyses assessed the correlations between changes in total tau, p-tau,g;, and physical
activity (percentage of maximal heart rate) in both groups of players. Percentage of maximal heart
rate correlated with total tau (r = 0.6; P < .001) and p-tau,g, (r = 0.6; P = .003) in the heading plus
exercise group and with p-tau,g, (r = 0.5; P = .007) in the exercise group at 1-hour time point. No
correlation was observed between the number of low-intensity headers and changes in total tau
(r=0.05; P = .82) or p-tau,g, (r = 0.06; P = .76) in plasma.

Discussion

The main outcome of our study was the observation that tau protein p-tau,g;, which is a promising
marker of neurodegeneration, was significantly increased by physical exercise and by heading the
ball while playing soccer. While the fraction of total tau protein was shown to have increased in
control athletes and athletes after concussion and TBI in several studies,?>%® we provide direct
evidence that tau protein levels increased in the blood as a consequence of physical training, which
is consistent with our previous observations.?” However, the significant increase in the level of
p-tau,g, relative to total tau in the plasma after regular physical soccer training and nonconcussive

Figure 2. Tau and p-Tau,g, Levels After Soccer Exercise (E) and Heading Plus Exercise (H + E)
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Analysis of total tau and phosphorylated tau protein at
threonine 181 (p-tau,g;) in plasma revealed no
difference between exercise without heading and
exercise with heading training groups at baseline
(panel A). Horizontal black lines denote the mean and
95% Cl. Significant change in plasma tau from baseline
was observed in athletes 1hour after exercise and
heading training. The elevated tau levels normalized to
baseline (black dotted line) within the 24 hours (panel
B). Significantly increased plasma p-tau,g, levels were
observed 1hour after both types of training, and
elevated levels were still detected after 24 hours
(panel C). The ratio of p-tau,g; to tau was significantly
higher 1 hour after exercise and heading, and remained
specifically elevated in the heading group even after
24 hours (panel D).
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repetitive heading of the ball was unexpected, and to our knowledge is being reported for the first
time. The finding was not expected in the exercise cohort, since the phosphorylation of tau protein is
typically associated with TBI, and is one of the early diagnostic and prognostic biomarker candidates
of AD dementia.'®"182° However, it should be noted that the 1.5-fold increase of p-tau after mild
heading training in this study was lower compared with the increase observed in mild or severe TBI
cases.?%%® Increased p-tau,g, even after 24 hours indicates longer persistence of phosphorylated tau
in the brain. We emphasize the increase of tau and p-tau,g; relative to tau after physical training as
an important contributing factor to consider when evaluating tau levels in individuals experiencing
sports-related head traumas. Importantly, our results provide valuable information to determine the
analytical threshold for measuring the p-tau,g;-to-tau level in future TBI research and clinical practice.
The observed correlations of physical exertion (ie, percentage of maximal heart rate) with tau and
p-tau,g, support the notion that there was an association between physical activity and total tau in
the heading group and an association between physical activity and p-tau,g, in both groups,
respectively.

Both training units involved occasional player-to-player body contacts that are natural part of
the game and are unavoidable in soccer. The body contacts occurring during ball tackling (eg, contact
by hands and legs) were approximately the same in both types of training. We do not consider these
kind of contacts as a major factor leading to the increase of tau and p-tau in this study.

Interestingly, the p-tau,g,-to-tau ratio remained significantly higher after exercise with mild
repetitive head impacts when compared with preimpact levels. This also suggests that the amount
of tau proteins is increased by a phosphorylated tau fraction, which may serve as a substrate for the
accumulation of pathological forms of tau after a sufficient period of time.

Based on findings from Rubenstein et al,2° repetitive head impacts may lead to long-term
pathological changes. We hypothesize that even the slight increase in the ratio of p-tau,g, relative to
tau that we observed after nonconcussive repetitive head impacts may represent a major difference
for individuals playing contact sports vs other physical activities that do not involve routine head
impacts. The possibility that even nonconcussive, very mild, multiple head impacts regularly
repeated over time may lead to the development of neurocognitive disorders later in life cannot be
excluded. Contact sports may therefore impose an increased health risk promoting the silent
development of specific tauopathies (CTE, AD, etc) and progression of the pathology.”?® Because
the upregulation of p-tau could precede the development of the obvious pathological signs in
behavior,?? we urge more precautions in contact sports, especially those in which, although very
mild, repetitive head impacts are frequent, such as ball heading in soccer. It is especially important for
at-risk groups, such as young adults and athletes with longer total exposure time.

Both types of soccer training analyzed in this study are within the same aerobic interval of
physical performance, representing physiologically comparable groups. Nevertheless, the small
difference in physical performance between the exercise and heading groups can be due to the
higher level of concentration of athletes on the successful completion of ball-heading tasks, which
resulted in a slightly lower level of physical activity in this specific group. Another surprising result of
our study was finding that nonheading exercise was associated with a greater negative impact on
cognition than heading training. Assuming the slightly higher physical performance in the exercise
group, we hypothesize that even a small increase in physical activity was sufficient to induce the
higher mental fatigue of athletes, which negatively affected the recorded cognitive parameters—
focused attention and cognitive flexibility. The data were consistent with published evidence of
decreased psychophysiological and cognitive responses related to mental fatigue after soccer,?%3°
basketball,®' and table tennis®? training. Concerning the possible link between tau protein, intensity
of physical activity, and cognition, the positive effect of physical activity in noncontact sports was
associated with a slower rate of cognitive decline regardless of tau protein levels in a longitudinal
perspective.®® As our study focused on acute effects, we did not observe any correlation between
tau protein levels and cognitive parameters.
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Strengths and Limitations
The design of the study accounted for physical activity in studying the association of mild repetitive
head impacts with cognitive function. Our experimental groups were relatively uniform, comprising
athletes who did not differ significantly in demographic variables. In addition to the quantified
parameters of physical activity, we also determined the number and intensity of head impacts, which
increases the reproducibility of the study results.

Nevertheless, we acknowledge several limiting aspects of the study that need to be considered.
In particular, we determined the level of phospho-fraction of tau protein by measuring only 1
phosphorylated epitope, threonine 181. More complex data should be collected, eg, quantifying
other relevant tau populations with different phosphorylated epitopes such as tau,,; and tau,s;.
Consequently, it remains to be elucidated whether the increased level of p-tau,g, is pathological or
physiological. Results of this study might not extrapolate to the very acute effects of exercise (ie, less
than 60 minutes) or repetitive head impacts on total tau and p-tau levels. Additionally, the impact
forces listed were estimates that were not directly measured. Another limitation of the study was the
number of participants; although this is a relatively highly uniform cohort, the results should be
validated in a larger cohort and with additional follow-up time points. As this cannot be done by a
single center or group, our study thus can stimulate many such studies in the near future. It will be
also important to determine whether the same findings can be confirmed in female athletes. Based
on our results, we acknowledge that an experimental group who take mild repetitive headers
without any physical activity could help to further elucidate the complexity of physiological effects
observed in this particular study.

Conclusions

In this cohort study of young elite soccer players, we identified elevated levels of p-tau,g;, a
biomarker of AD and TBI, as well as an increase in p-tau,g;-to-tau ratio, in the plasma of participants
after physical exercise alone and after repetitive nonconcussive head impacts. The ratio of p-tau,g to
tau, which remained elevated for a longer period of time in the head impact cohort, may indicate a
prolonged molecular life span of phosphorylated tau protein in the brain of individuals with mild head
impacts. These findings are potentially relevant for the assessment of the consequences of
nonconcussive repetitive head impacts, such as heading in soccer, in association with an increased
risk of developing neurodegenerative disorders later in life.
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