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ABSTRACT OF THE THESIS

Effect of Soccer Heading on Intracranial Pressure and Cerebral Perfusion Pressure in Athletes

by

Justin Lee

Master of Science in Biology

University of California San Diego, 2020
Professor Lonnie Petersen, Chair
Professor Laurie Smith, Co-Chair

Regular participation in head contact sports is linked to risks of developing
neurodegenerative disease. Studies have demonstrated the structural changes that may occur after
soccer heading but the effects of soccer heading on intracranial pressure (ICP) in still unknown.
In the following study, we tested the hypothesis that repeated soccer heading will cause a
transient increase in ICP and a change in cerebral perfusion pressure (CPP).

ICP changes were measured in eight male subjects from the UC San Diego Men’s Soccer
team by recording acoustical evoked tympanic membrane displacement through a Cerebral
Cochlear Fluid Pressure (CCFP) Analyzer (Marchbanks, UK).

Mean arterial pressure (MAP) and heart rate (HR) was recorded using the volume clamp

method (Nexfin, Netherlands). ICP and cardiovascular variables were measured before the



soccer heading trial, immediately after soccer heading trial, and 24 hours after the soccer heading
trial. During each measurement, ICP and cardiovascular variables were recorded in three
different postures, 15° head up tilt (HUT), 0° supine, -15° head down tilt (HDT), in a
randomized order.

During the soccer heading trial, a soccer ball was kicked to the subject from 35 yards
away and the subject then headed the ball into a soccer goal. This was repeated for a total of 6
headers.

After soccer heading, ICP significantly increased at 15° HUT and 0° supine immediately
post heading and returned back to baseline levels after 24 hours. ICP at -15° HDT, and MAP and
HR at all positions did not significantly change at any point after soccer heading. This increase in
ICP and unchanged MAP points to a decrease in CPP, implying compromised perfusion of
cerebral tissue and potentially suggesting a risk in participating in head contact sports like

SOCCer.

xi



Introduction

From initial anecdotal histories and suspected association, increasing amounts of data is
now supporting a link between various contact sports and later development of
neurodegenerative disease [1]. First reports of neurodegenerative disease in the 1920’s were
termed “punch drunk” syndrome where career boxers showed symptoms of tremors, speech
issues, confusion, slowed movements, and vertigo [2]. This neurodegenerative disease was
termed dementia pugilistica in 1937 and more recently as chronic traumatic encephalopathy
(CTE) [3] [4].

Recent studies implicated mild, but repetitive head trauma from head contact sports as a
risk factor for CTE and other various neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis (ALS) [5] [6] [7] [8].

Repetitive blows to the head have also been implicated as a risk factor for
neuropsychiatric issues. Athletes, who have participated in head contact sports such as tackle
football, have been shown to be at a greater risk of depression and anxiety later in life [9] [10].
These athletes also show impaired cognitive function, memory loss, diminished executive
function, and psychomotor impairment [11] [12]. Poorer mental health, lower general quality of
life, emotional issues, and less satisfaction from relationships and social activities has also been
reported at higher levels in former high-level athletes [13].

Recent studies documenting the prevalence of CTE in all levels of football including
professional, college, and even high school, along with increased public awareness of the long

lasting effects of head contact sports in part to recent high profile suicides of several NFL



athletes have called into question the safety of participating in head contact sports such as
American football, boxing, and soccer [14].

In part due to the attention of CTE in American football, there has been less of a focus in
the scientific community and mass media on the neurodegenerative risk of soccer despite the fact
that soccer remains the world’s most popular sport by a wide margin and is currently played
worldwide by over 250,000,000 people [15]. Although considered a relatively “safe” sport, a
recent study reported that professional soccer players were at a higher risk of dying from
neurodegenerative disease and were prescribed dementia-related medications more frequently
throughout their lives [16]. However, only a few cases of CTE in soccer players have been
reported in the scientific literature. Thus, the frequency of CTE in soccer players and the role of
heading the soccer ball may have in the development of neurodegenerative diseases in soccer is
still unknown [17].

The role soccer heading may have in any potential health risks is of interest as a soccer
player will, on average, perform around 6 of these headers in a single game with over 30% of
recorded concussions being the direct result of soccer heading [18] [19] [20] [21].

Concussions are classified as the mildest type of traumatic brain injury (TBI) and result
from acceleration of the brain, usually caused by head contact, acceleration of other parts of the
body that transfer forces to the brain, or blast injuries from explosions. Symptoms of a
concussion generally include headaches, dizziness, confusion, and in some cases memory loss
and loss of consciousness [22]

Concussion pathophysiology can be described as a multitude of different
neurophysiological processes. The damage to the brain tissue from the mechanical forces results

in depolarization of neurons in conjunction with the release of excitatory neurotransmitters.



Disruptions in the neuronal membranes resulting from mechanical shearing forces result in the
rapid efflux of intracellular potassium and influx of extracellular sodium and calcium, causing
widespread depolarization [23]. This depolarization promotes the release of excitatory
neurotransmitters, in particular glutamate, into the extracellular space [24]. The released
glutamate then binds to N-methyl-d-aspartate receptors on membrane ion channels, causing
further efflux of potassium into the extracellular space and influx of calcium into the cell
prolonging membrane depolarization [25].

This increased intracellular calcium reduces energy production by altering typical
mitochondrial function and also activates calcium-dependent proteases, resulting in apoptosis,

breakdown of the blood brain barrier, neuronal damage, and free radical generation [26].

Membrane ionic pumps then become activated in an effort to restore ionic homeostasis,
consuming ATP and increasing neuronal metabolic demands. This hypermetabolic phase is
followed by a hypometabolic state, resulting in decreased ATP production, increased production

of lactate, neuronal dysfunction, and a reduced cerebral blood flow [27].

The breakdown of the blood-brain barrier leads to an increase in ion and plasma protein
concentrations in the extracellular matrix, resulting in increased accumulation of extracellular
water. Also, as intracellular sodium concentrations in neurons increase as a result of glutamate
release, normal membrane ion pumps become unable to maintain homeostasis, resulting in the
increase in accumulation of intracellular water [28].

The increased water content of the neurons raises tissue volume and as the brain tissue
swells against the unexpandable compartment of the skull, intracranial pressure (ICP) begins to
rise. Normal physiological ICP is below 15 mmHg, and ICP values above is referred to as

intracranial hypertension. Elevated ICP can alter the cerebral perfusion pressure (CPP) and



impede typical cerebral blood flow, preventing the proper perfusion of cerebral tissue [29]. CPP
is the pressure gradient that drives blood flow into the cerebral tissue and is defined by the
following equation: MAP - ICP = CPP [30], where MAP is mean arterial pressure at brain
level.

Consequently, increased ICP can lead to cerebral ischemia as the cerebral blood supply is
unable to provide enough oxygen and nutrients to keep up with the brain’s metabolic needs [31].
Thus, intracranial hypertension is the most common cause of death in patients with traumatic
brain injuries and managing this increase in ICP to maintain adequate cerebral perfusion plays a
key role in treating and preventing secondary brain injuries after a TBI [32] [33].

Several studies have examined the potential effect soccer has on the brain structure
through neuroimaging. Soccer heading has been associated with abnormal white matter
microstructure in the brain and disrupted myelination [34] [35]. Former professional soccer
players have also been documented with central cerebral atrophy, widened lateral ventricles, and
cortical thinning in the inferolateral-parietal, temporal, and occipital cortex [36] [37]. Soccer
heading also has been demonstrated to raise serum levels of several brain damage markers such
as S-100B, neuron-specific enolase (NSE), nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), choline, and myo-inositol [38] [39] [37].

While previous studies have examined the structural and biochemical effects of soccer
heading, limited data exists examining the effects soccer heading may have on intracranial
hypertension and cerebral perfusion. Thus, in this study, we tested the hypothesis that repeated
soccer headings will cause measurable intracranial hypertension and altered cerebral perfusion

pressure.



Methods

Subjects

The protocol was approved by the Institutional Review Board at UC San Diego. All
subjects were notified of the purpose and risks of the study and informed consent was obtained
through written consent forms. A total of 8 subjects (22.1 = 1.1 years, 180.91 + 7.74 kg, 76.81 +
12.22 cm) were recruited from the UC San Diego NCAA men’s soccer team and participated in
this study. Requirements to participate in the study included no history of concussions or other
serious head trauma within the past 6 months prior to the study and at least 10 years of organized
soccer experience. Participants were instructed to avoid any strenuous activity, alcohol
consumption, caffeine, or any recreational drugs from 24 hours before the study until the end of
the study.

Equipment

Intracranial pressure was estimated non-invasively through the use of a Cerebral
Cochlear Fluid Pressure (CCFP) analyzer (Marchbanks, UK). The CCFP measures acoustical
evoked tympanic membrane displacement (Vi) to estimate ICP, where a more negative volume
displacement is correlated with higher ICP. Acoustic reflex thresholds of individual subjects
were first measured with a handheld tympanometer. The CCFP probe was inserted into the
participant’s left external auditory meatus with a proper seal. A 1 KHz stimulus set to a sound
level 5dB above the individual’s acoustic reflex threshold was used to evoke tympanic
membrane displacement. The CCFP recorded 2 sets of 10 tympanic membrane displacement
measurements. These measurements are then automatically averaged to give V.

The volume clamp method on the third finger was used to measure mean arterial pressure

(MAP) and heart (HR) continuously in subjects throughout the measurement period (Nexfin,
5



Netherlands). The height adjustment sensor was attached to the patient’s chest at heart level for
proper calibration. An inversion tilt table was used to tilt subjects at different angles (Exerpeutic
Therapeutic Fitness, City of Industry, USA) and an official NCAA approved soccer ball at

manufacturer recommended PSI was used in the heading trials.

Study Design

Participants were first explained the study procedure and filled written consent forms
prior to the start of the study. Baseline ICP and cardiovascular variables were first recorded. For
each measurement, study participants were properly secured onto the inversion table and ICP and
cardiovascular variables were recorded in three different postures: 15° head up tilt (HUT), 0°
supine, -15° head down tilt (HDT), in a randomized order. Subjects remained in each posture for
5 minutes to allow blood and body fluids to equilibrate prior to the measurements. After ICP,
HR, and MAP were measured in one position, the subject was tilted to a new position and
procedure was performed again. The inclusion of different postures during the measurements
served as a control to determine whether the CCFP was properly measuring ICP, as previous
studies have demonstrated measurable increases in ICP due to postural changes in the head down
direction [40]

After baseline measurements were taken, the subjects then proceeded with the heading
trial. During the heading trial, subjects were instructed to stand 5 yards in front of a soccer goal.
A soccer ball was then kicked from 35 yards away at the subject and subjects were instructed to
use their head to knock the soccer ball into the goal. This heading trial was repeated 6 times for
each subject. Immediately after the heading trial, ICP and cardiovascular variables were recorded

at the three aforementioned positions, and these variables were remeasured 24 hours later. A



paired t-test was then performed between these measurements to determine statistically

significant changes in ICP, MAP, and HR before and after soccer heading.



Results
Intracranial Pressure

At 15° HUT, mean Vi, was 37.81+133.21 nL at baseline, -20.82+158.27 nL immediately
post soccer heading (P=0.0482, Figure 1), and -27.2+140.6177849 nL at 24 hours after soccer
heading (P=0.1738, Figure 2). These trends are analogous to increased ICP immediately post
soccer heading but a return to baseline ICP after 24 hours.

At 0° supine, mean Vi, was -46.19+£178.50 nL at baseline, -84.27+183.55 nL immediately
post soccer heading (P=0.0321, Figure 1), and -62.9+135.4429938 nL at 24 hours post soccer
heading (P=0.5048, Figure 2). Similar to 15° HUT, ICP increased immediately after soccer
heading but there was no significant difference after 24 hours.

At -15° HDT, mean Vy, was -148.48+196.07 nL at baseline, -187.02+186.19 nL
immediately post soccer heading (P=0.1176, Figure 1), and -151.1+174.8859716 nL at 24 hours
post soccer heading (P=0.9329, Figure 2), indicating no significant change at either time point in
the head down position.

Cardiovascular Variables

At 15° HUT, MAP was 85.4+7.30 mmHg at baseline, 84.5+5.25 mmHg immediately post
soccer heading (P=0.5876, Figure 3), and 77.3+15.6 mmHg at 24 hours after soccer heading
(P=0.1354, Figure 4). At 0° supine, MAP was 86.0+8.09 mmHg at baseline, 85.1+7.96 mmHg
immediately post soccer heading (P=0.7789, Figure 3), and 78.3+16.7 mmHg at 24 hours post
soccer heading (P=0.2220, Figure 4). At-15° HDT, MAP was 87.4+4.07 mmHg at baseline,
83.2+5.63 mmHg immediately post soccer heading (P=0.0687, Figure 3), and 77.8£17.6 mmHg
at 24 hours post soccer heading (P=0.1542, Figure 4). These measurements indicate no

significant change in MAP at any positions.



At 15° HUT, mean HR was 63.1+12.18 bpm at baseline, 66.3+12.7 bpm immediately
post soccer heading (P=0.2356, Figure 5), and 64.9+£11.9 bpm at 24 hours after soccer heading
(P=0.3236, Figure 6). At 0° supine, mean HR was 61.3+11.2 bpm at baseline, 63.3+10.5 bpm
immediately post soccer heading (P=0.3688, Figure 5), and 63.3+13.5 bpm at 24 hours post
soccer heading (P=0.2439, Figure 6). At-15° HDT, mean HR was 60.9+12.9 bpm at baseline,
60.04+9.70 bpm immediately post soccer heading (P=0.8463, Figure 5), and 62.5+12.9 bpm at
24 hours post soccer heading (P=0.4281, Figure 6). Similar to MAP, there was no significant

change in HR at any positions after soccer heading.



Discussion

Intracranial Pressure and Cardiovascular Variables

After 6 repetitions of standardized and controlled soccer ball heading, estimated ICP
significantly increased at 15° HUT and 0° supine immediately post heading and then after 24
hours returned to baseline levels. However, ICP at -15° HDT, and MAP and HR at all positions
did not significantly change after soccer heading. This increase in ICP and unchanged MAP
results in decreased CPP, indicating altered cerebral perfusion.

The higher mean displacement values observed in the HDT positions relative to HUT and
supine positions are expected results of the headward fluid shift observed in HDT [40]. Although
a significant increase in ICP was observed at 15° HUT and 0° supine, potential ICP changes due
to soccer heading at -15° HDT may have been masked by the already expected increase in ICP
associated due to this fluid shift associated with HDT.

These observations potentially reflect what may be increased ICP in response to soccer
heading. Soccer heading may cause mechanical damage to the neural tissue and subsequently
induce widespread depolarization, glutamate release, and disruptions in the blood brain barrier,
resulting in the intracellular and extracellular accumulation of fluid in the neurons. This swelling
of the brain then may induce the observed increase in ICP after soccer heading. It is then
speculated that ICP returns to baseline levels as the swelling of the cerebral tissue goes down.

While these potential changes in ICP and brain swelling seem to disappear within 24
hours, soccer players at all levels may experience these repeated cycles of increased ICP nonstop
for extended periods of time. These cycles of increased ICP could lead to a relatively mild but

continuous ischemia in the brain tissue from inadequate cerebral flow, potentially leading to

10



neuronal dysfunction and brain damage over time. This study implies a potential risk in
participating in head contact sports, such as soccer. This could also play a role in the observed
risk of neurodegenerative disease and increased rate of neuropsychiatric disorders reported in
soccer players.

These results are similar to previous studies that have demonstrated increases in
intracranial pressure in response to mild traumatic brain injuries from blows to the head [41] [42]
[43] [44]. Research into mild TBIs from blast injuries have also demonstrated a measurable
increase in intracranial pressure similar to the increase observed from soccer heading in this
study [45]. Previous research in patients with mild TBIs from falls and motor vehicle accidents
also showed an increase in intracranial pressure in conjunction with cerebral hemodynamic
changes, similar to this studies’ implications of soccer heading’s effect on cerebral perfusion
[46]. Several studies have shown long-term atrophy of brain tissue and subsequent decrease in
brain volume in response to mild TBIs [47] [48] Although this study only examined acute
changes of intracranial pressure and brain volume up to 24 hours after heading, it is possible that
the altered cerebral perfusion from soccer heading may lead to cycles of hypoxia in the brain and
contribute to this atrophy and long term decrease in brain volume.

The results of this study are also similar to studies of mild TBIs in other sports. A study
in hockey players showed no increases in brain volume from cerebral edema 72 hours after a
concussion, which could be comparable to the results of this study where ICP returned to
baseline after 24 hours [48]. The effect of soccer heading on cerebral blood flow and perfusion
suggested by this study is also comparable to previous research on concussions in football.

Previous data in football players have demonstrated decreased cerebral blood flow in response to

11



football related concussions, which potentially could be the result of increased intracranial

pressure from head contact [49] [50].

Limitations & Future Considerations

The use of a CCFP to non-invasively estimate ICP results in some limitations. Although
useful at indicating relative changes in ICP, this technique does not provide an absolute ICP
measurement in mmHg that more invasive measurement techniques can. The variations in inner
ear physiology within the population results in the CCFP only being a viable method for
estimating ICP in about 70% of the population, limiting sample size [51]. The also explains the
high variation in baseline Vi, values observed between subjects and the large standard deviations
of mean Vn, after soccer heading. Future studies involving more accurate and potentially invasive
methods of measuring ICP may provide a clearer picture of the effect’s soccer heading may have
on intracranial pressure.

It is important to note that the MAP measured in this study was at heart level and not
corrected for MAP at the brain level. While a general change in CPP can be determined if MAP
at heart level does not change after soccer heading, the extent of this change cannot be
determined without making this correction for the distance between the heart and the brain [40].
Thus, in future studies, the distance between the 4" intercostal space and the ear will be recorded
to allow us to correct MAP at heart level to brain level for a clearer view of soccer heading’s
impact on CPP.

Although the observations of this study may suggest increased ICP and altered CPP, it is
important to consider that ICP and CPP are just two elements of the much larger and more

complex process of cerebral autoregulation [52]. Although this study provides some valuable
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insight into this process, it does not fully explain the effects of head contact on the relatively
unknown process of cerebral blood flow regulation.

Unfortunately, it is unknown whether the physical activity associated with soccer, such as
running or jumping, by itself was potentially responsible for the observed change in tympanic
membrane displacement. Thus, in the future, we plan to investigate the effects of these activities,
in the absence of any head contact, on intracranial pressure.

This study simply measured intracranial pressure up to 24 hours after one bout of soccer
heading. In the future, we aim to measure intracranial pressure after repeated bouts of soccer
heading across a span of multiple days with follow-up measurements taking place across longer
periods of time as this will more accurately reflect the actual exposure of the athletes.

Much is still unknown about the short term and long-term effects of soccer heading on
the brain and further research must be done to fully understand the risks of participating in
soccer. While this study used acoustical evoked tympanic membrane displacement to examine
the effects soccer heading has on intracranial pressure, the use of other techniques may help
further elucidate other effects soccer heading may have. For example, the use of imaging
techniques such as MRI or CT scans may help show the long-term structural changes that occur
after soccer heading. EEGs and PET could help examine the effects soccer headings have on
brain activity and other techniques such as near-infrared spectroscopy (NIRS) could be used to
determine the effects soccer heading may have on brain oxygenation.

Although we only examined intracranial pressure and cerebral perfusion in this study, the
results of this study still call into question the safety of participating in soccer and other head
contact sports. Further studies that potentially implicate head contact sports as a risk for brain

damage will only continue to grow public concern over these sports. This may result in changes

13



to how these sports are played to reduce the amount of head contact incidents or potentially lead

to a gradual shift away from participation in these sports entirely.
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Figures
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Figure 1. Intracranial Pressure at Baseline vs Immediate Post Heading in 15° head up tilt (HUT),
supine and 15° head down tilt (HDT). Individual paired values. Tympanic membrane
displacement (V) measured in nano liters (nL) is inversely correlated with intra cerebral

pressure (ICP).
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Intracranial Pressure

Figure 2. Intracranial Pressure at Baseline vs 24 Hours Post Heading in 15° head up tilt (HUT),
supine and 15° head down tilt (HDT). Individual paired values. Tympanic membrane
displacemtent (Vi) measured in nano liters (nL) is inversely correlated with intra cerebral

pressure (ICP).
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Figure 3. Mean Arterial Pressure (MAP) at Baseline vs Immediate Post Heading in 15° head up

tilt (HUT), supine and 15° head down tilt (HDT). Individual paired values.
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Figure 4. Mean Arterial Pressure (MAP) at Baseline vs 24 Hours Post Heading in 15° head up

tilt (HUT), supine and 15° head down tilt (HDT).
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Figure 5. Heart Rate (HR) at Baseline vs Immediate Post Heading in 15° head up tilt (HUT),

supine and 15° head down tilt (HDT).
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Figure 6. Heart Rate (HR) at Baseline vs 24 Hours Post Heading in 15° head up tilt (HUT),

supine and 15° head down tilt (HDT).
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