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Abstract

Background Exposure to repetitive head impacts (RHI) has been shown to be associated
with cognitive impairment and markers of neurodegeneration in professional male soccer
players. However, data on the effects of RHI in female players are very limited. In this
exploratory study, we investigated changes in blood biomarkers along with the cognitive
status of elite female soccer players and compared the effect of RHI with outcomes in male
players.

Methods In a cohort study, elite female soccer players (age 16-41 years) performed training
without heading the ball (n = 36) and training including heading (n = 30). Athletes were
evaluated for the parameters of physical activity (heart rate) and neuropsychological testing
(focused attention and cognitive flexibility) before and 1 h after each training. The levels of
plasma tau, pTaugs, pTau,¢7 and microRNAs were determined at four timepoints: before
training, 1 h, 24 h, and 48 h after each training session. Parameters in females were
compared with control male players (n = 32).

Results The levels of tau, pTau4g1 and pTau,47 are significantly increased in the plasma of
female soccer players 1 hour after physical exercise (tau, 1.4-fold; pTau;g4, 1.3-fold; pTau,47,
1.2-fold) and repetitive head impacts (tau, 1.2-fold; pTaug4, 1.3-fold; pTau,7, 1.3-fold)
compared to pre-training levels. The ratio of pTaug4 to tau fold change is significantly higher
1 hour after heading and remains elevated specifically in the heading group even after 48 h.
The analysis of deregulated microRNAs in plasma reveals enrichment of neuroprotective
pathways after heading training. Female soccer players show worse cognitive functions after
heading compared to exercise and also compared to male soccer players.

Conclusions RHIs may lead to acute disbalance of tau and phosphorylated tau in plasma,
and are associated with short-term decline in cognitive performance and neuroprotective
pathways in elite female soccer players. The sexual dimorphism in response to RHI may
reflect biological risk factors potentially relevant to the different degree of susceptibility to
neurological disorders in females and males in later life.

The lack of efficient treatment for neurocognitive decline and neu-
rodegenerations resulting in dementia is a major health and societal
problem on a global scale”. Despite more females suffering from
neurodegeneration, most studies on the mechanisms of the disease
have been conducted on males. This can lead to neglection of

Plain language summary

Majority of neuroscience research is
conducted on male subjects, creatingagapin
the knowledge. Here we investigated the
effect of repetitive non-concussive head
impacts (RHI) in elite female soccer players.
The athletes were evaluated for the para-
meters of physical activity, cognition and
levels of plasma tau protein which are known
biomarkers of neurodegeneration. Our data
demonstrate that repetitive heading of the ball
is associated with biochemical alterations,
reduction in focused attention, and cognitive
flexibility. Here we also show that females are
more sensitive to head impacts when com-
pared to males and that the RHI exposure is
associated with neuroprotective signaling.
These findings link specific molecular path-
ways, potentially operating in the early stage
of brain diseases. Deeper exploration of these
pathways could be a promising approach to
identify new biomarkers and therapeutic tar-
gets in the treatment of neurodegeneration.

important etiopathogenic mechanisms associated with neurodegen-
eration and cognitive decline in older age, as data from males are not
directly applicable to the female population®”.

Several large and well-controlled cross-sectional epidemiological stu-
dies on former professional soccer players clearly suggest that repetitive
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head impacts, even if mild and not causing immediate symptoms, are
important risk factors for neurological diseases and dementia®™".

The increased prevalence of dementia shown in male soccer players®”,
can be expected to emerge also in female players, as the number of players
has increased rapidly over the past decade’. This increase can be further
driven by the fact that female soccer players were shown to have a higher
relative risk of concussion'’" and higher incidence of concussion caused by
heading the ball, when compared to male players™.

Repetitive headers in soccer can lead to acute impairment of short-term
learning”*™"* along with long-term impairment of cognitive performance,
which has recently been documented in retired professional soccer players'"’.
While it is accepted that there is an association between the heading fre-
quency and cognitive decline, the causality has been questioned”**. Well
designed and controlled experimental studies, such as the study presented
here, can bring further evidence to elucidate these associations.

Apart from the psychological evaluation, specific molecular markers in
peripheral blood, would be useful to precisely assess the physiological
changes incurred by the head impacts.

Phosphorylated tau proteins have recently been evaluated as promising
candidates for the diagnosis and prognosis of acute or chronic TBI and also
for the differentiation of AD and other types of neurodegeneration® .
Their increased levels do not reflect the complexity of molecular processes
induced by or associated with concussion. This can be achieved by profiling
the peripheral microRNAs (miRNAs)**~*. However, experimental findings
on miRNAs and their bioinformatic analysis of molecular events associated
with repetitive nonconcussive head impacts are very limited***". Moreover,
we are not aware of even a single such publication specifically focused on
females.

In our previous research, we showed increased plasma tau levels and
impaired cognitive performance after physical exercise and heading training
in male soccer players™>”.

The purpose of this study is to evaluate the acute effects of mild
repetitive head impacts (mRHI) in female soccer players. We show that
females are more sensitive to repetitive head impacts than males, while this
sensitivity is associated with alterations in cognition and peripheral fluid
biomarkers. In a well-controlled study, the short-term cognitive abilities
along with circulating tau, phosphorylated tau, miRNAs and signalling
pathways after mRHI are compared with non-head-impact physical exer-
cise. In addition, we discuss acute changes in cognition and biomarkers in
females with findings observed in males and further explore sex-related
alterations in response to mRHI.

Methods

Participants

Study participants were college soccer players at Comenius University in
Bratislava and senior category players in various elite Slovak soccer clubs. A
total of 36 female soccer players between the ages of 16 and 41 years par-
ticipated in the study. The ethical review board of Comenius University in
Bratislava, Faculty of Physical Education and Sport approved this study with
human participants (#1/2022), and all involved players and their legal
representatives (applies to participants under the age of 18) provided written
informed consent prior to beginning the study. The study was conducted
from March 1, 2023 to September 30, 2023 and followed the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline for cohort studies.

Study design

Training sessions were designed during 3 consecutive weeks, with
maximal heart rate determination at week 0 followed by soccer
training without heading the ball (week 1) and subsequent soccer
training including heading drills (week 2). Training intensity was
monitored using heart rate sensors (Polar Electro Oy, Kempele,
Finland) at 5 s intervals. To determine maximum heart rate, we used
a running field test recommended for sports games. The test com-
prised a warm-up (10 min) and 3 consecutive running exercises

performed on a soccer field (95 x 42.5 m). Athletes were instructed to
complete each block of 275 meters at their highest pace (as fast as
possible), with a 2 min active recovery interval — walking’***. The
highest heart rate attained during this test was determined as the
maximal heart rate. Most players reached their maximum heart rate
in the second series of the test. The data including maximal heart rate
acquired during week 0 training served as an indicator for designing
the consecutive soccer training and heading training. The intensity of
physical exertion was aimed at maintaining physical activity within
the aerobic interval (~75 % of maximal heart rate) allowing simul-
taneous performance of soccer exercise and accomplishment of ball
heading tasks. The players followed a resting regime 24 h before and
between blood collection time points.

Outcomes

The primary study outcomes were the plasma levels of total tau protein,
pTauyg;, pTau,;;, miRNAs and cognitive status (attention and flexibility) of
the elite female soccer players. Study participants were assessed for primary
outcomes at 4 time points, before (baseline) and after (1,24, and 48 h) the 2
types of training, soccer exercise without heading the ball and soccer exercise
including low-intensity repetitive headers. Outcomes were assessed at the
specified timepoints following the entire completion of the study. The
outcomes of male to female comparisons were the fold change of total tau
protein and pTauyg;, fold change of pTau,g; relative to tau fold change, and
the cognitive status of male and female soccer players assessed at 3 time
points before (baseline) and after (1 h, 24 h) the 2 types of training, soccer
exercise without heading the ball and soccer exercise including low-intensity
repetitive headers.

Soccer training

Soccer training without heading the ball (exercise group, abbreviated as E)
with a total duration of 85 min comprised a warm-up including running
(7 min), exercises without the ball and exercises with the ball (67 min), two
exercise blocks of 2 different small-sided games (SSG) (each SSG lasted
2 min with a 2 min rest interval, a total of 6 min, pitch size 25 x 18 m),and a
final compensatory exercise (5 min). Players were not allowed to do headers,
while occasional player-to-player body contacts that represent an integral
part of the game were not avoided.

Heading training

The soccer training with heading exercises (heading group, abbre-
viated as H + E) followed a modified training protocol. The warm-up
included two sets of three-meter hands passes the ball with under-
hand throw to the head of a teammate (20 min). The main H +E
training included 6 blocks of heading exercise with a total duration of
60 min: 1. Heading after hands passes the ball with underhand throw
in a sitting position (sit with the spread legs) for two sets, each set
with 10 attempts (5 min); 2. Heading in the square for two sets of 10
attempts lasting 3 min with a 30 s rest interval (7 min); 3. Heading in
the zig-zag exercises for four sets of 10 attempts, each set lasting
3 min with a 30s rest interval (15 min); 4. Heading over the semi-
active defender after hands passes the ball with underhand throw of
10 attempts (15 min); 5. Heading in pairs for two sets, each set lasted
1 min with a 30s rest interval (3 min); 6. Four small-sided games
with a given pitch size (25 x 18 m) and a rule that a goal can only be
scored with a header. During the SSG, hands passes the ball with
underhand throw and head passes were continuously alternated.
Each SSG lasted 2 min with a 2min rest interval (15 min total),
followed by a final compensatory exercise (5 min). Heading training
included a pool of low-intensity headers that correspond to the
practice of heading techniques in youth to adult categories. Game
situations with high-intensity head impacts, such as headers after
corner kicks, goalkeeper kickouts, or long-distance passes, were not
played in this study. Training units were videotaped to cross-check
the number of headers for each player.
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Officially tested FIFA Quality Pro marked balls were used during the
entire study. The ball parameters were in accordance with the International
Football Association Board 2022/23 Laws of the game, Law 2%,

Biochemical procedures

Venous blood was collected by professional medical personnel at 4 time-
points: before training, 1 h, 24 h, and 48 h after each training unit. The blood
collection was performed in a nonfasting state using K2EDTA tubes (Cat.
No. 455045, Greiner Bio-One, Kremsmiinster, Austria). All samples were
centrifuged within 60 minutes from the time of collection, at 2000 x g for
10 min at 4°C. Prepared plasma aliquots were stored at —80 °C until
analysis.

Tau protein concentrations were assayed by digital ELISA using the
Simoa Tau 2.0 Advantage kit (Cat. No. 101552, Quanterix Corp., Billerica,
MA, USA). Tau protein phosphorylated at threonine 181 (pTau;s;) and
threonine 217 (pTau,;;) was measured using the Simoa pTau-181 V2.1
Advantage Kit (Quanterix, Cat. No. 104111) and ALZpath Simoa p-Tau 217
v2 Assay Kit (Quanterix, Cat. No. 104371). All samples were blinded prior to
analysis and assayed in a single measurement in duplicates on the HD-X
Analyzer (Quanterix Corp, MA, USA). The mean intra-assay coefficients of
variation of tau, pTaug; and pTau,;; measurements were 5, 8 and 6%,
respectively.

MicroRNA profiling

Total RNA was extracted from 400 pL of plasma using the miRNeasy
Serum/Plasma Advanced Kit (Cat.No. 217204, Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. To increase the yield of ribonu-
cleic acids, 2 g of glycogen was used as a carrier for each sample (Cat.
R0551, Thermo Scientific, Vilnius, Lithuania). The resulting RNA was
eluted in 25 pL of RNAse-free water. Analysis of miRNA levels was per-
formed using pooled samples within each group. Each equivolumic pool
comprised five randomly selected individual samples, with every timepoint
being represented by three pools. This strategy enabled cost-effective
miRNA discovery and has been previously used in other miRNA biomarker
studies™”.

The integrity and profile of extracted RNA were analyzed by 2100
Bioanalyzer using the RNA 6000 Pico Kit (Cat. No. 5067-1513, Agilent
Technologies, Waldbronn, Germany). Reverse transcription of template
RNA (4 pL) in each pool was performed using the miRCURY LNA RT Kit
(Qiagen, Cat. No. 339340). cDNA samples were assessed for hemolysis
evaluating the delta Cq values for miR-23a-3p - miR-451a™.

Expression profiles of 179 individual miRNAs were quantified using
the Human serum/plasma miRCURY LNA miRNA PCR array (Qiagen,
Cat. No. 339325, YAHS-106Y-A) and miRCURY LNA SYBR Green PCR
Kit (Qiagen, Cat. No. 339347) amplified by QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems, Singapore).

The fold change of miRNA expression at each timepoint was calculated
using the 2% method, compared to its respective baseline group (before
training) with the geometric mean of Cq values as an endogenous control.
Relative quantity and statistical significance for all evaluated miRNAs are
summarized in Supplementary Data 1 and Supplementary Data 2.

Bioinformatics

We queried mirDIP ver. 5.3 (https://ophid.utoronto.ca/mirDIP)* to iden-
tify gene targets of deregulated miRNAs. Pathway enrichment analysis was
performed using pathDIP ver. 5 (https://ophid.utoronto.ca/pathDIP)*,
using miRNA target genes as input, and using only literature-curated (core)
pathway memberships. Statistically significant pathways (adjusted P < 0.05;
FDR: BH-method) were further considered and grouped into pathway
categories, as introduced in Pastrello et al.”’. Interactions among miRNA
target genes were retrieved using ITD ver. 2021-05 (https://ophid.utoronto.
ca/iid)". Resulting networks were further annotated with Alzheimer’s
disease-related genes from IID, as introduced in Kotlyar et al.%. All networks
were built, annotated and analyzed using NAViGaTOR ver. 3.0.19*. The
stacked bar chart ver. 32.3.0 and the scatter plot ver. 22.2.2 were used to

Table 1 | Characteristics of study participants

Characteristics Female soccer players, mean (SD) P value
Exercise Heading
(n=36) (n=30)
Age,y
Decimal 22.6 (6.6) 22.3(6.6) 0.81
Sports® 11.5(5.9) 11.6 (6.3) 0.95
Weekly sports 458 (137) 468 (143) 0.74
activity (min)
BMI 22.3(2.2) 22.2(2.3) 0.91

Abbreviations: BMI, body mass index (calculated as body weight in kilograms divided by height in
meters squared); SD, standard deviation; * Sports age refers to years (decimal) of performing
organized sport activity.

prepare the plots in Fig. 2, using Fluorish studio (https:/flourish.studio)
(Canva UK Operations Limited, London, UK). The figures were exported in
SVG format and finalized in CorelDraw ver. 24.0.0.301 to include legends.

Psychological testing

Neuropsychological examination of athletes after soccer and heading
training involved testing of visual scanning and working memory using the
Trail Making Test (TMT)***.

All participants were tested before (baseline) and after each training
sessions (1 h), at timepoints aligned with blood collection. The assessment
consisted of two parts: TMT-A focused on intensity and sustaining of
attention; TMT-B focused on cognitive flexibility in executive functioning.
In the TMT-A, each participant was instructed to draw a line between 25
randomly arranged circles in ascending order (1-2-3 etc.). In TMT-B, the
subject was asked to connect the circles while alternating numbers and
letters in consecutive order (1-A-2-B etc.). Different variations of TMT tests
were used in each of the exercises, further eliminating possible practice
effect. To achieve this, the spatial order of the numeric and alphanumeric
targets was pseudo-randomized across test variants. Each version preserved
the core structure and cognitive demands of the original TMT-A and TMT-
B, including the number of items, the alternation rule (in TMT-B), the
general spatial dispersion, and the relative density of elements. The ran-
domization procedure was constrained to ensure psychometric equivalence
across all test forms. Specifically, target locations were generated using a
controlled randomization algorithm that maintained comparable path
lengths, angular complexity, and spatial clustering patterns. Care was taken
to avoid overly linear or overly compact arrangements, as these could reduce
cognitive and visuomotor challenge. As a result, each version imposed a
similar cognitive workload in terms of visual scanning, attention switching,
sequencing, and motor planning. The alternative forms of TMT tests used in
our study represent a standard screening tool with consistent difficulty, high
reliability, and are suitable for sequential testing of executive functions**"".
As both training sessions were organized in consecutive weeks, cognitive
performance was assessed before both trainings to minimize the practice
effect in this short time frame. Duration time for each task was recorded, and
results are displayed as a fold change from baseline (Fig. le, f).

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism (version 10.2.2)
software (GraphPad Software, Boston, MA, USA). Data distribution was
tested using the D’Agostino-Pearson omnibus normality test to determine
whether parametric or nonparametric tests should be used. Two-tailed
Mann-Whitney test was used for the analyses of demographic character-
istics and physical exercise. As the groups did not differ significantly in
demographic characteristics (Table 1), no adjustment for these variables was
applied in statistical evaluation of biomarkers and cognition. The plasma
protein concentration and cognitive status is expressed as a fold change at 1,
24, and 48 h from its own baseline for each athlete. Group changes are
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visualized as mean with a 95% confidence interval (CI). The mean fold
change from baseline was compared in both training arms and at all
timepoints using 2-way ANOVA considering the time (baseline, 1 hour,
24 hours, and 48 hours) as a within-participant factor and group (exercise,
heading) as a between-participant factor, using Tukey multiple comparisons

TMT-B
P <0.001

P <0.001

test. Multiplicity adjusted P values for each comparison were considered
significant at the P<0.05 level. For comparison of miRNA expression
between the two training arms, unpaired two-tailed Student’s t-test was
used. Correlation between tau biomarkers and the number of headers was
assessed with the Spearman correlation coefficients. The ability of plasma

Communications Medicine | (2025)5:417


www.nature.com/commsmed

https://doi.org/10.1038/s43856-025-01127-8

Article

Fig. 1 | Heart rate monitoring, psychological testing and tau profiles in female
soccer players in response to repetitive head impacts. a Schematic illustration of
the study protocol, sampling and analysis. b Monitoring of maximal heart rate
revealed no difference between exercise and heading groups. Athletes performed
exercise (E) with higher physical activity compared with heading (H + E) training,
represented by the higher (c) mean heart rate and higher (d) percentage of maximal
heart rate. e Both training sessions were associated with decreases of focused
attention of athletes when compared to baseline (black dotted line) as assessed by the
Trail Making Test A (TMT-A), while the worsening was higher in the heading group.
f Heading session also showed negative outcomes on cognitive flexibility (TMT-B) of
athletes compared to baseline and exercise. Psychological testing revealed that
heading training was associated with worse cognitive abilities than exercise without
repetitive headers. g Analysis of total tau, pTau,; and pTau,, in plasma revealed no
significant difference between exercise and heading groups at baseline. Horizontal
black lines denote the mean and 95% CI. h Significant increase in the fold change of
plasma tau from baseline was observed in athletes 1 hour after both training sessions,

while there was a significant difference between E and H + E training. The higher
change in tau protein normalized to baseline (black dotted line) in the exercise group
was significantly decreased in the heading group after 48 hours. Significant change in
plasma (i) pTau,g; and (j) pTau,,, from baseline was observed 1 hour after both
types of training. The increased change in phosphorylated tau protein normalized to
baseline within 24 hours. k The ratio of pTaus, to tau fold change was significantly
higher 1 hour and 48 hours after heading when compared with exercise. Similar, yet
nonsignificant increase of (I) pTau,,; to tau fold change ratio in the heading group
was also observed. The color of the P value in (h-j) indicates within-group sig-
nificance between baseline and corresponding time points, as per legend. The
interaction between groups is indicated by lines and the corresponding P value in
black color. Statistical significance (b-d) was assessed using the two-tailed Mann-
Whitney test. Statistical significance (e-1) was assessed using the two-way ANOVA
with Tukey’s multiple comparison test. Exercise group (n = 36), heading group
(n=30) in tau and pTauyg; analysis and both groups (n =11) in pTau,;; analysis.

Table 2 | Characteristics of Heading training per player

Heading training No. of headers,

mean (SD)

Warm up heading 15 (4)
Heading in sitting position 20(1)
Square drill heading 20 (1)
Zig-zag exercise heading 40 (9)
Heading over defender 10(0)
Heading in pairs 39(9)
Small-sided games heading 74

Total headers 152 (15)

Abbreviations: SD standard deviation.

proteins to discriminate athletes with mild repetitive head impacts vs
exercise controls was assessed using the receiver operating characteristics
(ROC) curve and associated area under the curve (AUC). Correlations were
considered significant at 2-tailed P < 0.05 level.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Demographic information

Study participants included 36 elite soccer players (all females of White
European ancestry). After maximal heart rate determination in week 0, all
players completed soccer training without heading the ball in week 1
(hereafter referred to as “exercise group”), with 30 of them also completing
soccer training including heading exercises in week 2 (hereafter referred to
as “heading group”; Fig. 1a). The groups did not differ significantly in
demographic characteristics (Table 1). Individuals with a history of TBI
were excluded.

Training parameters

The intensity of sports activity was monitored by heart rate monitors during
both training units. Maximal heart rate of female soccer players was similar
for exercise group (E) and heading group (H + E) (E = 191.6 bpm; 95% CI,
189-194bpm vs H+ E=191.8bpm; 95% CI, 189-195bpm; P =0.90).
However, the mean heart rate in the exercise group was significantly higher
compared to the heading group (E = 146.8 bpm; 95% CI, 143-151 bpm vs
H + E = 140.4 bpm; 95% CI, 136-145 bpm; P =0.047). Correspondingly,
both types of training differed in the mean percentage of maximal heart rate
(E=76%, 95% CI, 75-78% vs H+ E =73%; 95% CI, 71-76%; P =0.03),
indicating higher physical activity during exercises without heading the ball

(Fig. 1b-d). The mean (SD) performed low-intensity headers among players
during H+E training was 152 (15) (median [IQR], 154 [144-161])
(Table 2).

Cognitive outcomes

Neuropsychological testing of female soccer players identified a deteriora-
tion of focused attention (TMT-A) in both training groups compared to pre-
training baseline (E = 1.8-fold; 95% CI, 1.7-2.0; P < 0.001 and H + E = 3.4-
fold; 95% CI, 3.1-3.7; P < 0.001), while decrease in cognitive performance
was significantly higher in the heading group (P <0.001, Fig. le). On the
other hand, the examination of cognitive flexibility (TMT-B) identified
significantly worse score only in the heading group (H + E = 1.5-fold; 95%
CIL, 1.4-1.7; P < 0.001), while the score in exercise group was not significantly
altered (E=1.1-fold; 95% CI, 1.0-1.2; P=0.60) compared to baseline.
Cognitive flexibility was significantly worse after heading, even in contrast to
the exercise without headers (P <0.001, Fig. 1f). No correlation was
observed between the number of headers and decrease in focused attention
(r=—0.02, P =0.93) or cognitive flexibility (r = —0.22, P = 0.24). The TMT
scores are listed in Supplementary Table 1.

Plasma neuroproteins after exercise and repetitive heading in
female soccer players

To investigate the effect of mRHI, female soccer players completed
exercises with or without heading the ball, followed by analysis of neu-
ronal markers at multiple time points (Fig. 1a). The mean plasma con-
centration of tau, pTau,; and pTau,,; assessed at baseline were similar in
both training groups (Fig. 1g, Supplementary Table 2). Quantitative
immunoassay identified a significant relative increase in all forms of tau in
plasma compared to baseline 1 hour after physical exercise and heading
training (exercise group, tau, 1.4-fold; 95% CI, 1.3-1.5; pTau,g;, 1.3-fold;
95% CI, 1.2-1.4; pTauy,, 1.2-fold; 95% CI, 1.1-1.3; heading group, tau,
1.2-fold; 95% CI, 1.1-1.3; pTau, gy, 1.3-fold; 95% CI, 1.2-1.4; pTauy, 5, 1.3-
fold; 95% CI, 1.3-1.4) (Fig. 1h-j). However, the dynamics of tau bio-
markers differed between training groups and time points. The fold
change of plasma tau protein gradually decreased over time, with values in
the heading group being about 20% lower compared with the exercise
group, with a significant difference at 1h (P =0.002) and 48 hours
(P =0.006). Interestingly, tau fold change in the heading group sig-
nificantly decreased below baseline at 48 h (0.9-fold; 95% CI, 0.8-1.0;
P =0.041). No significant difference in pTau;g; and pTau,;, was found
between the two training groups, and their relative content normalized to
pre-training levels within 24 hours (Fig. 1i,j). Finally, we observed a higher
pTau:tau fold change ratio for both phosphoepitopes in the heading group
compared with the exercise group at all time points, and this ratio was
significant for the pTaug; epitope at 1h (exercise group, 0.95-fold;
95% CI, 0.9-1.0; heading group, 1.1-fold; 95% CI, 1.0-1.2; P = 0.026) and
48 h (exercise group, 0.95-fold; 95% CI, 0.9-1.0; heading group, 1.1-fold;
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Table 3 | Deregulated microRNAs in response to exercise and repetitive heading

Exercise Heading

1h 24h 48h 1h 24h 48h

| miR-19a-3p | let-7b-3p | let-7b-3p 1 miR-34a-5p | miR-92b-3p | miR-7-5p

1 miR-93-3p | miR-93-3p | miR-19a-3p | miR-125a-5p | miR-301a-3p | miR-15b-5p

1 miR-155-5p 1 miR-155-5p 1 miR-19b-3p | miR-421 1 miR-18b-5p

1 miR-223-5p t miR-301a-3p | miR-502-3p | miR-92b-3p

1 miR-338-3p | miR-421 1 miR-652-3p 1 miR-125a-5p

1 miR-378a-3p | miR-144-5p

1 miR-505-3p | miR-502-3p
| miR-2110

Legend: |, down-regulated expression; 1, up-regulated expression.

95% CI, 1.0-1.1; P =0.005; Fig. 1k, 1). Mean raw concentrations of the
assayed proteins are listed in Supplementary Table 2.

Deregulation of peripheral microRNAs after exercise and repe-
titive heading

We performed an exploratory targeted microRNA (miRNA) analysis to
investigate the transcriptional signatures of repetitive headers while con-
trolling for the effects of physical exercise. Significant differences in miRNA
expression were observed between exercise without headers and heading
training. MiRNA profiling revealed 5 down-regulated and 6 up-regulated
miRNAs in at least one time point in response to exercise, while 9 miRNAs
were decreased, and 4 miRNAs increased after heading training. Among the
differentially expressed miRNAs, two miRNAs were shared between the
exercise and heading training. MiR-301a-3p showed the opposite pattern of
expression after exercise in contrast to heading, while miR-421 was down-
regulated after both types of soccer training (Table 3). A complete list of all
evaluated miRNAs is provided in Supplementary Data 1 and Supplemen-
tary Data 2.

Signaling pathways

To characterize the molecular signaling associated with repetitive head
impacts and exercise, we performed pathway enrichment analysis. First,
we identified target genes for all deregulated miRNAs by querying the
mirDIP portal. Next, we used a pathDIP database to perform pathway
enrichment analysis using all identified genes. The resulting 582 enriched
pathways, 187 for exercise and 397 for heading, were grouped into 7
representative pathway types and 53 pathway ontology-based categories.
Cluster analysis revealed that heading training is specifically associated
with an increased number of highly significant pathways, with geneticand
environmental information processing along with disease signaling being
the most overrepresented pathway types (Fig. 2a). Further stratification
revealed that the majority of identified enriched pathways is shared
between exercise and heading, and only a fraction of enriched pathways is
unique to particular training. The top-scored pathways unique for
heading are associated with diseases of the immune system, metabolic
diseases, cardiovascular diseases, cell cycle disorders and aging, while the
pathways unique for exercise include signaling associated with the sensory
system and regulation of the circadian clock (Fig. 2b). Additionally,
analysis of shared pathway categories identified several pathways that are
predominantly associated with heading compared to exercise. Specifically,
the immunostimulatory signaling including IL-3, IL-6, B-cell and T-cell
receptors, post-translational protein modifications and protein degrada-
tion were highly abundant in heading. The bioinformatic analysis also
revealed enrichment of CNS-associated pathways, such as the neuronal
development and regeneration pathways including synaptic signaling,
neurite outgrowth, axon guidance, release of neurotransmitters and cell
survival stimuli that were specifically enriched in heading compared to
exercise (Fig. 2¢).

Protein-protein interaction analysis

To investigate the link between repetitive head impacts and neurodegen-
eration, we have queried the IID database to determine physical protein
interactions of the protein targets of deregulated miRNAs. The entire net-
work with 10,758 interactions was further filtered by relevance to neuro-
degeneration, using IID annotation from the Disease Ontology and
DisGeNET database of gene-disease associations. The resulting network
comprised 129 proteins connected with 788 interactions relevant to Alz-
heimer’s disease (AD). A higher number of neurodegeneration-associated
proteins, together with the increased number of their mutual AD-relevant
interactions, was identified in heading compared to exercise (Fig. 2d). This
group also includes proteins that are involved in various neurodegenerative
disorders, e.g, SNCA in Parkinson’s disease (PD) and TARDBP in
Amyotrophic lateral sclerosis (ALS). Furthermore, the group of interacting
proteins specifically enriched after heading includes proteins associated with
cell-cell interactions and intracellular scaffold (ANK3, CD2AP, CFL2,
FERMT2, FRMD6, NEFM), inflammatory response (CD69, SOCS6, ST18),
synaptic vesicle transport and release of neurotransmitters (GRIN2A,
SLC17A7, SNAP25, SYNJ1), neuronal development and axon guidance
(EPHA4, DCX, DLLI, DPYSL2, MEF2A, NR4A2) and APP processing
(ADAMY, IDE, VPS26A).

Differences between female and male players in response to
heading and exercise

Recently, we obtained cognitive scores and plasma biomarker data on a
cohort of elite male soccer players under highly similar training protocol™.
To further analyze the differences in the response to repetitive heading
between female and male soccer players, we compared the outcomes of
cognitive testing and tau protein levels in these groups (Fig. 3a). The basic
characteristics of training units, including the parameters of physical per-
formance and the number of headers, are compared in Table 4. Training
units involving male soccer players used a higher number of headers (256)
compared to females (152), modelling the higher frequency of headers in
male competitions* . Analysis of physical performance revealed higher
heart rate (exercise females Eg, 147 bpm; 95% CI, 143-151 bpm vs exercise
males Ey;, 138 bpm; 95% CI, 134-143 bpm; P =0.002) (heading females
H+ Eg, 140bpm; 95% CI, 136-145bpm vs heading males H + Ey,
131 bpm; 95% CI, 126-136 bpm; P =0.003) and percentage of maximal
heart rate (Eg, 77%; 95% CI, 75-78% vs Enp, 73%; 95% CI, 71-75%;
P=0.007) (H+Eg, 73%; 95% CI, 71-76% vs H+ Ey, 69%; 95% CI,
67-72%; P = 0.019) in female players compared to male players during both
types of training, although still in the aerobic interval and consistent with
sex-specific differences in cardiac parameters’. Neuropsychological
examination using both parts of the TMT identified significantly worse
post-exercise scores in male players compared to female players (TMT- A,
Ep, 1.8-fold; 95% CI, 1.7-2.0 vs Ey; 3.1-fold; 95% CI, 2.7-3.4; P <0.001)
(TMT-B, Eg, 1.1-fold; 95% CI, 1.0-1.2 vs Ey; 1.7-fold; 95% CI, 1.4-1.9;
P <0.001). Heading training resulted in worse scores of TMT-A (H + E,
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3.4-fold; 95% CI, 3.1-3.7 vs H + Ep; 1.4-fold; 95% CI, 1.2-1.5; P < 0.001) and
TMT-B (H + E, 1.5-fold; 95% CI, 1.4-1.7 vs H+ Ey; 1.3-fold; 95% CI,
1.1-1.5; P =0.023) specifically in female players. A comparison of female
and male players revealed statistically significant sexual dimorphism in
response to exercise and heading training (Fig. 3b, ¢), with female soccer

Number of pathways per category

Node size and transparency: number of interacting partners

44 20

players showing higher deficits in focused attention and cognitive flexibility,
despite performing a significantly lower number of headers.

Comparison of changes in plasma tau protein revealed no difference
between the groups at 1 to 24 hours post-training (Fig. 3d). However, the
change in pTau, g, was significantly higher in male soccer players compared
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Fig. 2 | Pathway enrichment analysis and Protein-protein interactions.

a Annotation of pathways associated with deregulated plasma miRNAs after
heading (purple) and exercise (orange) revealed that heading training is specifically
associated with an increased number of disease-related and genetic/environmental
information processing pathways when compared to exercise. Node size corre-
sponds to the gene ratio and x-axis denotes the statistical significance using the false
discovery rate (Benjamini-Hochberg method), as per legend. b Stratification of
identified significantly enriched pathways after heading and exercise into pathway
categories. ¢ Subnetwork analysis of shared categories revealed that heading training
is specifically associated with immunostimulatory, neuronal development and cell

survival pathways. Edge color denotes the type of training, edge thickness corre-
sponds to the number of pathways per category, and edge transparency signifies
statistical significance using the false discovery rate (Benjamini-Hochberg method),
as per legend. d Analysis of gene-disease associations revealed a higher number of
proteins associated with neurodegeneration and increased number of interactions
linked to Alzheimer’s disease (AD) after heading compared to exercise. Node color
corresponds to gene ontology-biological process, node size and transparency
represents the number of interacting partners, as per legend. Edge color only
highlights intra- and inter-group interactions.

to female players at 1 h post-exercise (E1g, 1.3-fold; 95% CI, 1.2-1.4 vs E1;,
1.4-fold; 95% CI, 1.3-1.5; P=0.03) and 1 to 24 h post-heading training
(H + Elg, 1.3-fold; 95% CI, 1.2-1.4 vs H + E1y,, 1.5-fold; 95% CI, 1.4-1.7;
P =0.01; H + E24¢, 1.0-fold; 95% CI, 0.9-1.1 vs H + E24y, 1.2-fold; 95% CI,
1.1-1.3; P=0.01) (Fig. 3e). We also observed a specific increase in the
pTau,g;:tau ratio in males compared to females 1 to 24 h post-exercise (Elg,
1.0-fold; 95% CI, 0.9-1.0 vs E1,,, 1.1-fold; 95% CI, 1.0-1.2; P = 0.002; E24p,
1.0-fold; 95% CI, 0.9-1.1 vs E24,,, 1.1-fold; 95% CI, 1.0-1.2; P = 0.02) and
1 hour post-heading (H + Elg, 1.1-fold; 95% CI, 1.0-1.2 vs H+ El,;, 1.2-
fold; 95% CI, 1.1-1.2; P = 0.046) (Fig. 3f, Supplementary Table 3).

Predictive power of tau plasma biomarkers for mRHI

Further analyses assessed the correlation between changes in tau proteins
and repetitive headers in a combined group of elite soccer players (n = 58),
including all females (n =30) and males (n = 28) who performed headers.
Firstly, the total number of headers correlated with the pTau,g,; fold change
(r=0.38, P =0.003) and pTau,g,:tau fold change ratio (r = 0.36, P = 0.006)
at 1 h timepoint (Fig. 3g, h). No correlation was observed between the
number of headers and the change in total tau (r = 0.12, P = 0.38) in plasma,
indicating that exposure to mRHI was associated with a higher peripheral
pTauyg;:tau fold change ratio. Further, as our results suggest that tau bio-
markers could differentiate athletes with mRHI from controls, we per-
formed ROC analysis. The plasma pTaug;:tau fold change ratio showed
high accuracy for distinguishing exposure to mRHI from soccer training
without headers in a group of female and male athletes (AUC = 0.690,
P <0.001), whereas tau protein change showed lower, but significant pre-
dictive accuracy (AUC = 0.605, P = 0.041), while pTau;s; change alone had
poor accuracy (AUC = 0.548, P =0.35) (Fig. 3i, Supplementary Table 4).
The ROC analysis of pTauy;:tau fold change ratio in the mixed cohort was
also independently reproduced in females (AUC=0.716, P =0.003) and
males (AUC=0.664, P=0.029), indicating general predictive accuracy
regardless of sex. Thus, we surmise that quantification of the pTauyg;:tau
fold change ratio shows potential as an acute biomarker of mild repetitive
head impacts.

Discussion

In this study, we analyzed the effect of mild repetitive head impacts (mRHI)
in female soccer players on the levels of selected biomarkers and short-term
neurocognitive outcomes. We provide evidence suggesting that mRHI in
women can lead to significant decrease in short-term cognitive functions,
along with increases of pTau;g; to total tau fold change ratio. Simulta-
neously, the panel of miRNAs altered after the impact indicates a mod-
ulation of signaling pathways involved in neuronal, immune and several
other metabolic processes involved in neurodegeneration.

As most published studies in human biomedicine originate from
analyses of male subjects, research in neuroscience and sports-related dis-
ciplines suffer from a significant gender disparity””. This prospective study
sheds light on the association of mental and molecular processes that occur
in females after mRHI. Physical exercise alone has previously been asso-
ciated with acute impairment of neuropsychological abilities such as focused
attention and cognitive flexibility™**~*". Therefore, it is necessary to consider
the physiological responses to exercise also without the presence of head
impacts. Our analysis identified altered short-term cognition in response to
exercise alone and after exercise including repetitive head impacts.

Female soccer players manifested worse cognitive functions after
heading compared to baseline and also compared to the male soccer players.
We clearly showed that female players are more sensitive to mRHI and have
a higher acute susceptibility to mRHI sequelae in soccer, compared to male
players. The effect is also confirmed by the fact that the number of headers in
the female group was lower than in the male group. These findings are
consistent with a generally accepted higher susceptibility of females to
perceive the consequences of head impacts'®*, and may also be in parallel
with a higher prevalence and severity of post-concussion symptoms
reported in females™.

As the molecular mechanisms leading to dementia are linked to
abnormal phosphorylation of tau protein, assays profiling various pTau
epitopes represent a viable strategy for diagnostics and prognostics of brain
injury”, lifetime exposure to RHI”, but also seem to be informative for
assessment of effects after nonconcussive RHI”. Both phosphorylated tau
epitopes, pTauyg; and pTau,;, investigated in this research are also used for
diagnostic prediction of mild cognitive impairment and early-stage
dementia™*'"".

Several studies have not reported plasma tau protein as a specific
marker for RHI and sport related brain injuries”™”. In our study, we
observed a significant increase in tau after exercise and heading training in
female soccer players, which is consistent with previously published findings
in a male cohort®®. However, there is no difference in tau between the sexes,
and there also appears to be no association between the number of headers
and total tau levels when both female and male players are combined into
one cohort. On the other hand, the altered profile of phosphorylated tau and
pTauyg;:tau fold change ratio is significantly higher in males compared to
females and is positively associated with the frequency of headers in a
combined cohort, indicating that higher mRHI exposure may lead to a
relative increase in pTauyg; in the plasma of soccer players. A similar trend
of increased phosphorylated tau after repetitive headers was also identified
for pTau,;;. These findings are in line with studies reporting increased
pTaug; and pTau,s, levels after acute and chronic RHI exposure™>®,
However, it should be noted that relatively small magnitude of change
observed in our exploratory study should be further validated in a larger
cohort.

Controlling for the physical exercise in our study clearly demonstrates
that cycles in the level of tau and phosphorylated tau can be only partially
attributed to the influence of physical activity, while these biomarkers are
affected by mRHI. As shown, the quantitative change in the pTau; g;:tau fold
change ratio specifically differentiates players with mRHI from players
performing aerobic exercise without headers even after 48 h. Considering
the longitudinal and repetitive nature of nonconcussive head impacts in
exposed players during their professional career, we hypothesize that these
oscillating amplitudes of the pTau:tau ratio may represent the first sign of a
molecular imbalance leading to the onset of neurocognitive disorders later
in life.

The circulating miRNAs miR-19a-3p, miR-93-3p, miR-155-5p, miR-
223-5p and miR-338-3p observed in our study have been previously
reported as deregulated after different types of aerobic exercise”". Altered
profiles of miR-19b-3p, miR-378a-3p and miR-505-3p were shown to be
associated with training-induced adaptations and metabolism in skeletal
muscle™”, providing supporting evidence for our findings. The panel of
heading-specific miRNAs identified in this study is in agreement with other
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Fig. 3 | Cognitive deficit and biomarker level differences between female and male
soccer players. a Schematic illustration of the experimental setup. Psychological
testing revealed significantly worse scores in (b) focused attention and (c) cognitive
flexibility in male (1) soccer players compared to female (i) players after exercise (E),
while heading training (H + E) showed greater negative effects on cognitive per-
formance in females compared to males. Fold change for the male cohort was
calculated using a pre-exercise baseline. d Analysis of tau fold change in plasma
showed no difference between male and female players. e Significant difference in
pTau,;g; was observed in males 1 hour after exercise and 1 to 24 hours after heading
compared to females. f The ratio of pTau,;:tau fold change was significantly higher

Number of headers

100% - Specificity%

1 to 24 hour after exercise and 1 hour post-heading in male players compared to
females. The dotted line in (b-f) represents the pre-training baseline and the hor-
izontal black lines denote the mean with 95% CI. Number of headers correlated with
(g) the change in plasma pTauyg; and (h) plasma pTau,g;:tau fold change ratio in a
combined group of soccer players at 1 hour post-heading. The dotted line (g, h)
shows the 95% CI bands. i The ROC analysis showed high accuracy for plasma
pTau,g;:tau fold change ratio and Tau fold change to distinguish exposure to
repetitive head impacts (n = 58, F = 30, M = 28) from exercise in a group of male and
female athletes (n = 68, F =36, M = 32).
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Table 4 | Comparison of physical performance in soccer player cohorts

Soccer players, mean (SD)

Exercise Heading

Training parameters Female (n = 36) Male (n = 32)* P value Female (n = 30) Male (n = 28)* P value
Heart rate (bpm) 147 (11) 138 (12) 0.002 140 (13) 131 (14) 0.003
Maximal heart rate (bpm) 192 (8) 189 (8) 0.202 192 (8) 188 (8) 0.145
% of maximal heart rate 77 (5) 73 (5) 0.007 73(7) 69 (6) 0.019
Number of headers 0 0 152 (15) 256 (35) <0.001

* From ref. 33. Abbreviations: bpm beats per minute, SD standard deviation.

studies reporting decreased miR-144-5p in the plasma of soccer players
performing repetitive headers™, but also further extends the evidence on
blood miRNAs that are deregulated in response to repetitive head impacts™.
However, at the level of miRNA, there is only a limited overlap with recent
findings in sport-related concussions™>**"*””. The lack of overlap in miRNA
data between concussion and RHI indicates a distinct physiological
response to various intensities and frequencies of head impacts. Never-
theless, the pathway enrichment analysis revealed a major involvement of
CNS-specific signaling in response to mRHI, highlighting neurotrophic,
brain-reparative, and immune response-regulatory pathways, as previously
reported in mild to severe TBI*”7*"*". In addition, this brain-specific signaling
is associated with a higher number of protein interactions observed after
mRHI, which are typically involved not only in normal brain functioning,
but are also linked with various neurodegenerative diseases including AD,
PD and ALS. The signaling events involved after mRHI point to recovery
mechanisms typically associated with TBI, suggesting that even mild RHI
may have a detrimental effect on the brain as neuroprotective signals emerge
in the periphery.

Maintaining similar experimental conditions for male and female
cohorts permitted direct comparison of cognitive and biomarker outcomes
and disclosed sexual dimorphism in response to physical activity and mRHI.
The effect of physical activity and mRHI on increased tau phosphorylation
was confirmed on two epitopes, pTau,g; and pTau,;,, which are relevant for
tau pathophysiology. Nevertheless, there are some limitations related to
factors that were not collected as a part of this exploratory study and that
need to be addressed in future research to support our findings. Lifetime
exposure to RHI during players’ previous professional careers may have
influenced the acute responses measured in this study. Counter-balancing
the E and H + E protocols by splitting groups and reversing the order of
training units could provide an additional level of control to evaluate the
potential confounding effect of exercise. The correlation between miRNA
levels and RHI exposure considering the intensity and time after impacts, as
well as the verification of protein interactions and pathways to assess their
predictive power for RHI, could be further investigated in future studies.
Longer follow-up periods would be necessary to determine whether the
observed changes persist over time and to assess potential chronic effects of
RHLI. Finally, due to the sandwich design of the tau assay, potential pro-
teolytic processing of the tau protein may result in a loss of detection power.
We acknowledge that this shortcoming is inherently common to all sand-
wich antibody assays and needs to be addressed e.g. by single-epitope
analytical approaches such as quantitative mass spectrometry, which are
however not yet available for large-scale use. Consequently, counterintuitive
relative reduction in plasma tau observed after the heading compared with
the exercise-only group needs to be re-examined in further studies for
possible tau protein truncation. As tau truncation is considered a risk factor
in the development of tau aggregates, this will be important for elucidating
the link between repetitive head impacts and neurodegeneration.

Conclusively, the results of our exploratory study in elite female soccer
players suggest that mild repetitive head impacts may lead to (1) acute
disbalance of plasma tau and pTau;:tau fold change ratio, (2) short-term
decline in cognitive performance, and (3) initiation of neuroprotective
pathways. Compared to males, female players appeared to be more sensitive

to post-mRHI sequelae, manifested by a higher impact on cognition and an
altered pTau profile. Albeit being exploratory and requiring further con-
firmation in replicated experiments, our findings provide insight into acute
responses to mRHI, and are potentially relevant for further biomarker
research and risk assessment of developing neurocognitive or neurode-
generative disorders due to mRHI exposure in later life, reflecting the spe-
cific conditions of the female population.

Data availability

All source data are available in the main text or in the supplementary tables.
Supplementary Data 1 shows the Panel of evaluated miRNAs during soccer
exercise without headers. Supplementary Data 2 shows the Panel of eval-
uated miRNAs during soccer exercise including heading of the ball. Sup-
plementary Table 1 shows the TMT score of female soccer players.
Supplementary Table 2 shows Protein concentrations in response to exer-
cise and repetitive heading. Supplementary Table 3 shows Changes in
plasma tau protein in females and males in response to exercise and repe-
titive heading. Supplementary Table 4 shows Receiver Operating Char-
acteristic (ROC) analysis for biomarker identification. The source data for
Fig. 1b-dis in Table 4, for Fig. le, fin Supplementary Table 1 and for Fig. 1g-1
in Supplementary Table 2. The source data for Fig. 2a-c is in Supplementary
Data 3 and for Fig. 2d in Supplementary Data 4. The source data for female
cohort in Fig. 3b, cis in Supplementary Table 1 and source data for males are
available in Cente et al. 2023%, Table 3. The source data for Fig. 3d-f
is provided in Supplementary Table 3 and for Fig. 3i in Supplementary
Table 4.
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