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Abstract

Dermot Sheridan, BSc.

Title: Effects of Minor Gaelic football match play on markers of muscle damage, delayed

onset muscle soreness and muscle function

Purpose: This study examined the alterations in circulating creatine kinase (CK) levels,
leukocyte trafficking, delayed onset muscle soreness (DOMS), muscle function in response

to Gaelic football match-play in male adolescents.

Methods: Participants (n=30, age 17.41 £ 0.78 yr, height 176.42 + 7.13 cm, and mass 72.03
+ 6.49 kg) played a specially organised 15-a-side Gaelic Football game of 60 min duration.
Blood samples were taken before the game, immediately post-game (Post), 12 h post-
game (12 h), 36 h post game (36 h) and 60 h post game (60 h). Subjective muscle soreness,
sprint performance and peak force were measured post, 12 h, 36 h and 60 h. Heart rate
and movement patterns were continuously measured throughout the game using
telemetry and GPS tracking, respectively. Heavy to severe impacts were classified as

acceleration G-forces > 7 recorded via portable accelerometry.

Results: Participants covered an average distance of 6.1 = 1.1 km during match play. The
majority (72%) of the distance involved walking and jogging and high speed and maximal
activity accounted for 10% of the total distance. There was a total of 155 impacts > 7 G-

forces. CK levels were significantly higher than baseline immediately post-game and 12 h

Xi



and returned to pregame values at 36 h. Compared to pre-match values circulating
leukocytes and granulocytes were significantly higher than pre-game values immediately
after the game and decreased significantly below pre-games values at 12h, 36 h and 60 h.
Circulating lymphocyte numbers were significantly decreased below immediately post
game and at 36 h post game. There was no change in the number of circulating monocytes.
Compared to pre-game values, there was a significant decrease in peak force at 12 h and
60 h and a significant increase in 5 m and 20 m sprint times at +12 h, +36 h and 60 h. DOMS
scores were significantly higher than pre-games values at 12 h and 36 h and lower (p<0.05)
than pre-game values at 60 h. There was no significant relation between impacts and CK

levels.

Conclusion: Competitive Gaelic football match results in significant changes in CK levels,

DOMS, leukocyte trafficking, peak force and 5 m and 20 m sprint performance.

xii



CHAPTER |

INTRODUCTION

Exercise induced muscle damage (EIMD) is a condition characterized by
morphological alterations of muscle tissue and is associated with a decline in muscle
function ®. It manifests as transient swelling, pain and muscle soreness and an increase in
circulating levels of myocellular enzymes and proteins in the hours and days after the
exercise 274, A subsequent rapid and sequential invasion of muscle fibres by inflammatory
cell populations and signalling molecules leads to phagocytic infiltration into the damaged
muscle to clear the injured area of debris in preparation for regeneration/remodelling. It
is also associated with impaired insulin stimulated glucose uptake, delayed replenishment

of muscle glycogen, and a reduction in muscle function of the affected limb.

Although there is no clear consensus regarding the exact mechanism(s) responsible
for EIMD, there is however, a strong body of evidence that it is linked to eccentric muscle
actions involving the forcible lengthening of a contracting muscle in the presence of high
force. Compared to concentric or isometric contractions, eccentric muscle actions
generate greater forces for a given angular velocity °, require less motor unit activation and
use different neural control strategies . The combination of high levels of force production
and reduced recruitment of fiber number during eccentric contractions causes a high
mechanical stress on the involved structures that may lead to greater muscle damage and

negative functional consequences in an healthy naive muscle than other types of exercise



7. At the cellular level, impaired excitation-contraction coupling results in a transient
reduction in muscle function 810, Blunt force trauma resulting from frequent, high-impact

body collisions during participation in invasion team sports such as rugby league and

Australian football may also contribute to muscle damage %12,

Histological evidence is required to directly assess muscle damage 3. Collecting
tissue samples requires multiple biopsies from the same muscle, which can be unpleasant
and may also increase inflammation, independent of exercise. A number of surrogate
makers are commonly used to assess EIMD. These include subjective rating of muscle
soreness, changes in range of motion around a specific joint or body part, measurement of
muscle function and blood levels of inflammatory markers and myocellular enzymes. None
of these surrogate markers are considered to be gold standard, but each has its own
advantages and disadvantages. Creatine kinase (CK), a myocellular enzymes is the most
commonly used biomarker of EIMD in sport and elevated plasma levels has been reported

following Australian football, soccer, rugby league and rugby union 14716,

Gaelic football is one of the most popular sports in Ireland. It is an invasion team-
based sport that can best be described as a hybrid of soccer, rugby, Australian football and
basketball. Match play is characterized by repeated bouts of high-intensity short-duration
activities involving accelerations, decelerations, directional changes and frequent high-

impact body collisions superimposed on the technical activities. The purpose of this study



was to examine the effect of competitive Gaelic football match play on circulating CK levels,

leukocyte trafficking, muscle soreness and muscle function.



Aims

1. To evaluate circulating levels of CK before, immediately after and 12, 36 and 60 h
following Gaelic football match play

2. To evaluate muscles soreness before, immediately after and 12, 36 and 60 h
following Gaelic football match play

3. To evaluate circulating levels of leukocytes before, immediately after and 12, 36
and 60 h following Gaelic football match play

4. To evaluate muscle function before, and 12, 36 and 60 h following Gaelic football
match play

Hypothesis

1. Compared to pre-game values, circulating levels of CK will be significantly higher,
immediately after and at 12 h after the Gaelic football game

2. Compared to pre-game values, DOMS will be significantly higher, immediately after
and 12 h after the Gaelic football game

3. Compared to pre-game values, leukocyte trafficking will be significantly higher,
immediately after and 12 h after the Gaelic football game

4. Compared to pre-game values, muscle function will be significantly impaired at 12

h and 36 h after the Gaelic football game



CHAPTERIII
REVIEW OF LITERATURE

Skeletal Muscle Structure and Function

Skeletal muscle is a dynamic tissue comprising 50 - 75% of all body proteins. The
total skeletal muscle mass is dependent on the balance between protein synthesis and
degradation, with both processes sensitive to genetic and environmental factors such as

exercise, nutrition, drugs and injury. 7.

The entire skeletal muscle is surrounded by the
epimysium, a layer of fibrous connective tissue muscle. Groups of fibers are arranged in
bundles called fasciculi that are surrounded by another layer of connective, the
perimysium.

Bone \

Perimysium Blood vessel

= 3 Muscle fiber

e P : Fascicle
Tendon Epirmysium Endormysiurn

Figure 2. 1 Basic structure of skeletal muscle

Each fascicle consists of multinucleated muscle fibers surrounded by a plasma
membrane, the sarcolemma. Transverse tubules (T-tubules) formed by transverse
invaginations at 2 mm intervals along the sarcolemma allow action potentials on the

surface of the cell to propagate deep into the cell. T-tubules contain voltage sensitive L-



type calcium channels that are composed of au1,a2,8,y and 6 subunits. The a1 subunit binds
to the dihydropyridine class of calcium channel blocking drugs (nimodipine and
nitrendipine) and is also called the dihydropyridine receptor (DHPR). The T-tubules are
flanked by the sarcoplasmic reticulum that contain Ca?* release channels called ryanodine
receptors (RyR1s) on their surface. Direct interaction of DHPRs and RyR1s allows for the

transmission of electrical signals from the sarcolemma to the sarcoplasmic reticulum.

Each muscle fiber is comprised of thousands of myofibrils and contains billions of
myofilaments that form sarcomeres, the functional units of the skeletal muscle®®.
Sarcomeres extend between two successive Z discs and contains actin and myosin protein

myofilaments (Figure 2.2).

Thin (actin) filament

Thick (myosin) filament

Figure 2. 2 Basic structure of a skeletal muscle fibre (A) and an individual sarcomere (B)

Actin filament are formed when multiple G actin monomers polymerize to form two
fibrous (F) actin strands that are arranged in a double helix and contain a myosin binding
site. The actin filaments are anchored to adjacent sarcomeres by Z discs. Myosin is a
hexameric protein that interacts with the actin filament during muscle contraction °. In
strong denaturing solutions, myosin dissociates into two heavy chains and four light chains

(Figure 2.3). The two heavy myosin chains wrap around each other to form a double helical



structure. Both heavy chains are folded at one end into separate globular structures to
form the two heads, each containing both regulatory and essential light chains. In addition,

each globular head has a binding site for both actin and ATP.

Essential
Globular light chain

head region Heavy

hain

c
Regulatory light
/ chain /

\

Coil of two a-helical
tails

Figure 2. 3 Molecular structure of myosin filament

A number of other proteins add structural support and aid the excitation and
contraction coupling process required to generate force. Tropomyosin is an actin binding
protein consisting of a coiled-coil dimer that forms a polymer along the length of the actin
filament. Along with the trimeric calcium-dependent troponin molecule, tropomyosin

plays an important regulatory role in muscle contraction?°,

Titin is a large protein (~3.0 - 3.7 MDa) that extends from the Z-disc to the M-line,
effectively binding myosin to the Z-disc (Figure 2.5). It also acts as an elastic scaffold that
centres the A-band in the centre of the muscle sarcomere 2!. The degree of overlap

between actin and myosin filaments determines the sarcomere’s force-generating



capacity. Titin along with nebulin, an actin-binding protein (600- 900 kDa) contribute to
the structural integrity of the sarcomere (Figure 2.4) and provide resistance to the stretch
of the sarcomere 22. Damage to titin following repetitive eccentric exercise is associated a

loss of the normal regular arrangement of the A-bands.

Thick filament  Tropomodulin Titin Actin Nebulin

Figure 2. 4 Structural organization of the skeletal muscle sarcomere

Significant variability in the contractile, metabolic, structural and functional
characteristics of individual fibers have led to adult human muscle fiber beings classified as
type | (slow, oxidative, fatigue resistant), type IIA (fast, oxidative, intermediate metabolic
properties), and type lIx (fast, glycolytic, fatigable). Time to peak tension is longer in slow
twitch compared to fast twitch fibers due to the difference in ATPase activity on the

globular head of the myosin heavy-chain head 23.

Extracellular Matrix

The extracellular matrix (ECM) is a non-cellular three-dimensional macromolecular

network composed of collagens, proteoglycans, elastin, fibronectin, laminins, and several

other glycoproteins (Figure 2.5). This network provides a physical scaffold for the muscle



fibre cytoskeleton cells to ebbed themselves while also regulating cellular process including
growth, migration, differentiation, survival, homeostasis and morphogenesis ?*. The ECM
also provides elasticity, tensile strength, compressive strength and mediates protection by

a buffering action that maintains extracellular homeostasis and water retention.
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Figure 2. 5 Extracellular Matrix Network in Skeletal Muscles

Perlecan Type IV or VI collagen

"

Collagens are a family of over 20 different EMPs that provide structural support to
tissues. They are composed of three separate collagen polypeptides organized into triple
helical, coiled-coil collagen subunits. Cross-linked polymers of insoluble fibronectin
homodimers assemble into fibrils in the ECM matrix and connect cells to collagenous
matrices that contain fibrillar collagen. Fibronectin fibrils also exhibit salient elastic

properties.

Elastin monomers provide tissues with the ability to stretch and recoil. The

strength of elastin fibers arises from covalent crosslinks formed between lysine side chains



in adjacent elastin monomers. Their elasticity arises from the hydrophobic regions, which
are stretched by tensile forces and spontaneously re-aggregate when the force is released.
Laminins are comprised of three different subunits wrapped together in a coiled-coil
configuration. By linking with proteins, laminins form complex webs in the ECM. The
primary function of laminins is to provide an adhesive substrate for cells and to resist
tensile forces in tissues. A network of membrane-spanning integrin, dystroglycan and

proteoglycan complexes facilitates the mechanical link between the ECM scaffold 2°.

Excitation- Contraction Coupling: Muscle Activation

Excitation-contraction coupling is the process whereby electrical events in the
sarcolemma of a muscle fibre are linked to the actin and myosin filaments. An action
potential that arrives at the sarcolemma is transmitted to the interior of the muscle cell via
the T-tubular system triggers the release of Ca?* from the sarcoplasmic reticulum into the
sarcoplasm. Binding of Ca?* to troponin C results in a conformational change in
tropomyosin so that it no longer blocks the active site on the actin molecule. Exposing the
active site allows the binding of myosin head with actin to form a cross bridge. The
presence of both ATP and ATPase on the myosin head facilitates the detachment of the
myosin head from the actin binding site and the continued formation of cross-bridges
resulting in contraction 2°. This is known as the sliding filament theory and is the accepted
explanation for the generation of force 2. The phosphagen system, anaerobic glycolysis

and oxidative phosphorylation are the primary metabolic pathways used to provide energy

10



to resynthesize ATP during exercise. Although all energy producing pathways are active
during exercise, one or more pathways may be preferentially used depending on the

exercise mode, duration and intensity 7.

Satellite Cells

Satellite cells are the stems cells of skeletal muscle. They are located between the
sarcolemma and basal lamina and contribute to the growth, repair, and regeneration of
muscle cells (Figure 2.6) 28. Quiescent satellite cells are activated in response to external
stimuli such as exercise or injury 2°. Following activation, satellite cells express myogenic
regulatory factors and proliferate into the damage segments of muscle fibres where they

fuse with each other to form myotubes 3°.

A myogenic regulatory factor family of transcription factors including MyF5, MyoD,
and MRF4 control myogenic differentiation during development and, direct satellite cells
to regenerate skeletal muscle. They are also involved in satellite cell lineage specifying
which members become resident stem cell 3. One other important transcription factor in
the regulation of satellites progenitor cells is Pax7. It has been shown to be upregulated in

response to muscle trauma and plays a critical role in satellite propagation and self-renewal

32

11
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Figure 2. 6 Muscle Structure and the satellite cell niche

Exercise Induced Muscle Damage

Physical damage to the muscle structure in response to exercise commonly referred
to as exercise induce muscle damage (EIMD) 333> is characterized by transient
ultrastructural myofibrillar disruption, loss of muscle strength and power, delayed onset
muscle soreness (DOMS), swelling, reduced range of motion of the affected limb, and the
systemic efflux of myocellular enzymes and proteins. The initial phase of EIMD can be
characterized by ultrastructural damage and Z-line streaming due in part to the
heterogeneity in sarcomeres length 36, Some sarcomeres can resist actions more than
others due to different structural protein arrangements. For example, type 2 muscle fibers
have thinner Z-lines than type | fibres making them more sensitive to overstretching.
Disturbance in the Z-line was is greater at 24 h and 48 h post exercise compared with pre

and immediately post-exercise 3.

Disruption of connective tissue in the muscle or their attachments is also commonly

associated with EIMD. In particular, significant damage is found in the perimysium and

12



endomysial regions of the muscle where the area of the ECM is pulled away from fibers to
create a widened interstitial space®’, 3. It has been speculated that the loss in muscle force
may be due to disruption to the cytoskeletal, costameric and extracellular matrix proteins
following muscle damage 3°4°. Damage to the ECM following eccentric exercise may also

play a role in stimulating the release of growth factors involved in satellite cell activation

41

The extent of EIMD is affected by multiple factors including mode of muscle
activation, the muscle group exercised, the volume, intensity, novelty of exercise,
individual fitness and genetic variability 2. The magnitude of the injury and the recovery
process can be assessed directly or indirectly. Direct assessment requiring serial muscle
biopsies can be unpleasant and unreliable and repeat biopsies from the same muscle may
cause muscle damage or accentuate existing muscle damage. Furthermore, the analysis of
such a small area of muscle may potentially over-or-underestimate the degree of muscle
damage. Blood levels of myocellular enzymes and inflammatory markers, muscle function,
subjective rating of muscle soreness are commonly used as indirect markers of muscle
damage *?. However, none of the indirect markers are considered “gold standard”, but

each has its own advantages and disadvantages 4344,

Muscle-Specific Proteins

A number of muscle proteins have been used as surrogate biomarkers for EIMD

including creatine kinase (CK), myoglobin, troponin and myosin heavy chain . The initial

13



appearance of these proteins in the circulation is believed to be due the mechanical-
induced damage to myofibril membranes 4¢ with over activation of calcium channels

responsible for persistence permeability over several days 3.

Creatine kinase (CK) is the most commonly used biomarker of EIMD due to the
magnitude of the response observed #3. It is a dimeric globular protein consisting of two
subunits with a molecular mass of 43 kDa. The primary functions of CK are to regulate high
energy phosphate production within contractile tissue and to shuttle phosphocreatine
(PCr) from the site of adenosine triphosphate (ATP) production in the mitochondria to the

site of utilization in the cytoplasm (Figure 2.7).

Cytosol SR

Myofibril

Mitochondrion

Figure 2. 7 Schematic representation of the creatine kinase (CK)-phosphocreatine (PCr)
system in muscle.

Three CK isoenzymes (CK-MM, CK-MB and CK-BB) are found in the cytoplasm and
the mitochondria. An active gene on chromosome 19 and chromosome 14 encodes the M

(43 kDa) and B subunits (46 kDa), respectively. The subunits combine to form the various

14



isoenzymes. The isoenzymes are named for the tissues from which they were historically
isolated; CK-MM (muscle), CK-MB (myocardium) and CK-BB (brain). CK-MB consists of a
hybrid of M and B subunits and is spontaneously produced in vitro following the
dissociation of MM and BB. Mitochondria CK catalyses the reversible transfer of a
phosphate group from ATP generated by oxidative phosphorylation to a molecule of
creatine to form phosphocreatine (PCr). The cytoplasmic CK isoenzymes catalyse the
reverse reaction to provide a rapid source of energy for regeneration of ATP needed to
support muscle metabolism during high intensity activities. Cytosolic CK consists of an M

and B subunit.

The tissue distribution of CK isoenzymes is illustrated in table 2.1. Skeletal muscle
consists primarily of the cytoplasmic CK-MM isoform #’. It is found bound to the Z-line
structure of the sarcomere, the M-line structure of the sarcoplasmic reticulum and in the
I-band of the sarcomere 8. CM-MB is found primarily in the heart with trace quantities
also present in skeletal muscle. CK-BB is the predominant CK isoenzyme found in the brain,

colon, ileum, stomach and urinary bladder.

Table 2.1. Tissue distribution (%) of cytosolic CK isoenzymes

Isoenzymes

CK-MM CK-MB CK-BB
Skeletal muscle 99 1 0
Myocardium 77 22 1
Brain 0 0 100
Colon 3 1 90
lleum 3 1 96
Stomach 3 2 95

15



Urinary bladder 2 6 92

CK Response in team-based sports

A number of studies involving field-based team sport have reported temporal
changes in blood CK levels in response to both training and competitive match play. The
time course of changes in CK following a senior international rugby union game between
teams ranked second and sixth in the world were investigated by Cunniffe et al., (2010).
Blood samples were taken from 10 players on the home team at the beginning of the camp,
before the game, within 15 min of the conclusion of the game, and 14 h and 38 h into a
passive recovery period. Compared to pre-game values, circulating levels of CK were 255%
and 125% above baseline values at 14 h and 38 h post game, respectively. Serum CK
activity at 14 h and 38 h post game was significantly related to player involvement in tackles
and game contact events indicating that CK leakage may have occurred due to the

cumulative muscle damage arising from blunt-trauma-like effects of tackling and contacts

49

Among Japanese college level rugby union players, peak CK measured at 24 h was
also significantly related to number of tackles performed during rugby union match play °.
Twist and Sykes, (2011) also found a significant increase CK activity 24 h following a
simulated rugby league game. Peak CK values were lower than in the rugby league game
than rugby union #°. Serum CK activity at 14 h and 38 h post game was significantly related

to player involvement in tackles and game contact events indicating that CK leakage may

16



have occurred due to the cumulative muscle damage arising from blunt-trauma-like effects
of tackling and contacts Participants in the Cunniffe et al., (2010) study had just completed
a period of intense competition prior to the study and it is therefore possible that
cumulative tissue damage explained high pre-game CK values. It is also possible that the
number and severity of physical collision were lower in the simulation rugby league game

compared to the competitive rugby union fixture.

Among elite rugby union players, the average change in CK level (ACK) during an
average of 3.4 regular season games was 927 + 204 IU with the values being significantly
higher in forwards (1439 + 677 IU) than backs (545 + 341 IU) ®1. A significant proportion of
the ACK in forwards was explained by the number of tackles made and being one of the
first three players to a ruck or maul. In contrast, impact, was the major positive
contributing factor to the ACK in backs. There was a significant correlation between ACK
and both game time and time defending in both forwards and backs. The number of
scrums was also related to ACK in forwards. In contrast, hit-ups, first three players on
attack and total impacts (the sum of tackles made, hit-ups, first three on attack and first

three on attack) was related to ACK among the backs.

The physical demands imposed on rugby players during competitive match play
vary depending on playing position. Twist et al., (2012) found that the total of number of
contacts during a competitive game was higher in forwards than backs. However, the

backs generally played longer resulting in more contacts per minute for the forwards in

17



comparison to the backs. Forwards were involved in a greater number of defensive tackles
while both forwards and backs groups had similar numbers of offensive tackles. Among
elite young professional soccer players 24 h post game CK levels were found to be
associated with soccer- specific playing actions including high intensity distance, number

of sprints and number of hard decelerations correlated with peak CK >3,

McLellan et al., (2010) examined the CK response to rugby league match play in 17
elite male rugby players with an average age of 19 years. Blood samples were taken at 24
h and 30 min pre-match, within 30 min of the game and 24 h, 48 h, 72 h, 96 h and 120 h
post-match. Players wore a GPS receiver with an integrated triaxial accelerometer and
their movement patterns were recorded as average running speed (m-s?), average
distance travelled and the distance travelled in different speed zones ranging from
standing/walking (0-1.6 m-s) to sprinting (>5.6 m-s). Impacts were classified based on
gravitational force (G force). Zone 1 (<5.0- 6.0 G) and zone 6 (> 10.1 G) characterized the
lowest and highest impact or velocity of collisions, respectively. The average number of
tackles (event that halted the progress of an opponent in possession of the ball) and hit-
ups (player being tackled in possession of the ball during match play) were determined via

post-match video analysis.

Match intensity was maintained and running performance did not deteriorate
during the game. Backs did however travel significantly greater distances than forwards at

velocities >5.0 m-s1. Baseline CK values at 24 h pre and 30 min pre were 256 + 113 (U.L?)
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and 302 + 128 (U.L1), respectively. With the exception of the 30 min pre-match value, all
other CK values up to day 5 (120 h) were significantly higher than the 24 h pre-match value.
Plasma CK peaked at 267 % (941 + 392 U.L!) above the 24 h pre-match value, 24 h after
the game. The fact that the study participants continued to participate in all team recovery
and training sessions, may explain the elevated CK values 5 days after the game. There
was no relation between CK levels and distance travelled during the game. In contrast, the
number of impacts >7.1 G was significantly related to the extent of muscle damage as
measured by plasma CK levels at 30 min and 24 h post-match. There was also a significant
relation between the number of impacts > 8.1 G and plasma CK levels at 48 h and 72 h
post-match indicating that very heavy impacts are associated with an increase in CK for a
least 5 d. The combined total number of hit-ups and tackles was significantly related to
plasma CK levels at 30 min, 24 h, 48 h and 72 h post-match. When analyzed separately
only the number of hit-ups was related to CK levels at 24 h, 48 h and 72 h post-match. The
data indicate that repeated high intensity collisions during elite rugby league match play is
associated with significant skeletal muscle damage for up to 72 h. Using a cross-over,
counter-balanced study design Johnston et al., (2014) found that the addition of physical
contact to small sided 6 v 6 rugby league game also resulted in marked and longer lasting

increases in CK compared to no physical contact.

The effect of a single competitive game of elite soccer on circulating CK markers

was monitored over a 6 d recovery period °°. Peak CK value of 950 U/L occurred at 48 h
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post game and persisted for up to 72 h. A similar finding was reported in sub-elite U-21
soccer players following participation in a competitive game 6. Study participants
abstained from strenuous physical activity 7 d prior to the game. Blood levels of CK peaked
at times the baseline value 48 h into recovery and remained elevated throughout the 7 d
recovery period. Pre-match CK levels were found to be 485% greater than baseline levels
among Australian football players suggesting that the recovery time between games may
be inadequate. More recently, Djaoui et al., (2016) reported a 475% increase in CK (228 +
185 vs, 1141 + 1365 U/L) among a group of professoinal soccer players 24 h after a

competitive fixture. CK levels remain elevated, but not significantly (729 + 1124 U/L) at 48

Among reserve team players from an English Premier League club, CK levels were
found to elevated above pre-game values at 48 h after each of 4 competitive games played
over a 3 month period post game °8. The responses were consistent across the different
matches and playing positions. Professional soccer players participating in daily training

have been reported to demonstrate persistent high-resting CK values >°

Australian football is very similar to Gaelic football. Young, Robbins and Hepner,
(2012) split 14 elite junior ARF players (aged 16—18 years) based on CK levels following a
single game into a high and low CK group. Distance covered during running between 4 and
7 m.s’!, moderate acceleration, and moderate to high deceleration were variables best able

to distinguish between players who produced relatively high CK from those who produced
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lower CK levels. These findings suggest that among elite junior Australian football players
certain levels of volume for specific movement variables are necessary to influence CK

levels.

Hunkin, Fahrner and Gastin, (2014) measured pre-match CK levels in 29 elite
Australian Rules Football AFL players across ten rounds of the Australian Football League
(AFL). The average pre-match [CK] across the season of 376 + 161 UL was 485% greater
than individual player baseline value of 78 £+ 52 UL. There was considerable variability in
average pre-match [CK] across the season for each player with values ranging from 145-

849 U L-1).

It is not uncommon for team sports players to play multiple times per week or
during tournaments. Johnston, Gabbett and Jenkins, (2012) examined the selected match
performance characteristics physiological responses and perceptions of fatigue to an
intensified period of rugby league competition in 15 junior rugby league players (7 backs,
8 forwards). Participants played five separate 40 min games over a 5 d period. Two games
were played on day 1 and day 2 and one game on day 4. No games were played on day 3
or day 5. Blood samples were taken and neuromuscular fatigue was assessed 1 h before
and within 1 h post-game and 12 h and 24 h post-game 4 and game 5, respectively. CK
peaked 1 h after game 4 and remained elevated above baseline values on day 5 in both
positional groups. The peak CK values ranged much lower than the values reported for

regular 13-a-side rugby league games. The mean CK values of the forward players was
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significantly higher than baseline at all time-points over the 4 days. CK values were only
significantly elevated in backs at 1 h post-games 2 and 4 and 1 h pre-game 3. Forwards
had a greater number and frequency of collision than backs and there was a significant
relation between the frequency of collisions and increases in CK over the 5 d period.
Cumulative fatigue appeared to compromise the volume of high-intensity running,
maximal accelerations and tackling ability during the latter part of the tournament.
Interestingly, overall perceptions of well-being decreased over the five days due primarily

to perceptions of muscle soreness and fatigue.

Coutts etal., (2007) monitored CK in 18 semi-professional rugby league players who
were randomly assigned to 6 weeks of normal training or intensified training (deliberate
over-reaching). Blood samples were taken 24 h prior to the training program and following
2,4 and 6 weeks of training. CK activity was significantly increased for both groups at week
6. The levels of circulating CK were 214% and 99% in the normal and intensified training

groups, respectively at week 6.

Kraemer et al., (2013) investigated the changes in CK across a season in 22 Division
1 collegiate level American Football players. Baseline values were obtained before the
start of preseason practice with subsequent data recorded 2 weeks later, the day after
game 2, game 4, game 6 and game 9 of a 12-game season. While no significant elevations

of CK were found throughout the season, CK was found to be at the highest value (495.1
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UI?) after game 9. It is possible that optimal strength and conditioning and sports

medicine programs may have contributed to the findings.

Limitations to the use of CK

The use of circulating muscle proteins as a marker of EIMD is problematic because
blood levels at any time reflects the balance between their release from the muscle and
clearance from the blood. Due to its size, CK is taken up by the lymphatic system and
subsequently enters the bloodstream via the thoracic duct (Sayers & Clarkson, 2003). The
slower lymphatic flow compared to the general circulation delays the appearance of CK in
the bloodstream. There is also large interindividual variability in the CK response following
EIMD. %4, A polymorphism in the myosin light chain kinase (MLCK) gene has been shown
to associated with small but significant differences in post-exercise CK levels ®. EIMD and
accompanying increase in circulating CK levels in response to eccentric muscle actions is
further accentuated by repeated blunt force trauma related collisions in invasion team-

based sports such as rugby, Australian football, and American football.

Repeat bout effect

Strength loss, DOMS and circulating muscle proteins are attenuated in response to
eccentric exercise performed within 6-months of the original stimulus. This has led to the
term “repeat bout effect” being introduced by Nosaka and Clarkson in 1995 . A potential
explanation may be the that adaptations in response to the first bout of exercise may make

the muscle less susceptible to damage by subsequent exercise bouts ®’. For example, weak
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muscle fibers that are physically damaged are replaced by stronger fibers that are less
susceptible to injury. In addition, physical restructuring of the muscle would include
sarcomere addition to existing fibers ¢ and remodeling of the intermediate filaments ©°.
The de-adhesion of the EMC from the muscle fiber and subsequent repair following the

initial bout may also protect the muscle against subsequent injury during a second bout 7°.

Delayed Onset Muscle Soreness

Delayed-onset muscle soreness (DOMS) refers to unpleasant, dull, aching pain,
usually felt during palpation, contraction or stretching of the activated musculature 24 - 48
h following unaccustomed exercise with an eccentric component or in response to the
repeated trauma associated with many invasion team sports 3. The muscle soreness
progressively subsides and disappears within 5-7 d 1. The pain and discomfort associated
with DOMS can however, discourage exercise participation and decrease exercise

performance.

Although, muscle soreness is a well-recognised marker for muscle damage in
athletic populations 72, it shares a poor temporal relation with histological evidence of
muscle damage. Impairment in muscle function following intense exercise normally occurs
prior to the appearance of muscle soreness and EIMD may continue to worsen, even after

soreness has dissipated 3.
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The mechanisms responsible for the DOMS are not fully understood. There is
accumulating evidence that invading inflammatory cells may play a role after eccentric
exercise (Tidball and Villalta, 2010, Hyldahl et al., 2011). Bradykinin, a physiologically and
pharmacologically active paracrine hormone produced at the site of tissue damage is a well
characterized pro-inflammatory agent. It directly stimulates sensory nerve endings,
activates pain pathways and promotes neurogenic inflammation through the peripheral
release of proinflammatory tachykinins such as substance P, neurokinin A and calcitonin
gene-related peptide 7®77. In addition, nerve growth factor (NGF) has been confirmed to
intensify soreness after eccentric exercise in humans 78, Swelling within the muscle at 48
h post-exercise increases intramuscular pressure ° and may play a role in the development

DOMS.

DOMS detected by palpation of the muscle was significantly increased immediately
following an elite soccer and peaked at 48 h returning to baseline at 96 h post-game .
Interestingly, peak DOMS occurred at the same time as peak CK values. Using a visual
analogy scale in sub-elite U-21 soccer Fatouros et al., (2010) found that DOMS increased
significantly immediately post-game, peaked at 24 h and remained elevated for 48 h.
Perceived muscle soreness was also found to be significantly increased for up to 48 h
following a simulated rugby league match °°. More recently, a study involving elite
adolescent soccer players found a significant increase in muscle soreness at 24 h but not

at 48 h following a competitive game >’.
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Inflammation

The immune system monitors the body for the presence of foreign pathogens and
recruit’s immune cells to sites of infection and inflammation. Innate immunity provides a
first line of defense against infection. It is composed of anatomic and physiologic barriers
(skin), specialised cells (natural killer cells, neutrophils, monocytes), and soluble factors
including the complement system and acute phase proteins. Acquired immunity involves
an antigen-antibody response and is mediated by both B and T lymphocytes in corporation
with the innate immune system. 8. The immune response to exercise is influenced by a
number of factors including age, fitness level, exercise modality and exercise intensity,
volume and duration. Periods of excessive and prolonged training and competition may
transiently suppress immune function increasing susceptibility to opportunistic infections

(Mackinnon, 2000, Nieman, 1997).

Repair and remodeling of muscle tissue in response to muscle damage is facilitated
by extensive crosstalk between skeletal muscle tissue and multiple levels of host immunity.
A well-orchestrated inflammatory response assists with the removal of cellular debris and
is an indispensable prerequisite for subsequent structural remodeling and functional
adaptation of skeletal muscle tissue in response to EIMD (Tidball, 2005; Bessa, 2013, Tidball
and Villalta, 2010). The inflammatory response involves leukocyte infiltration and the
production of pro-inflammatory cytokines within damaged muscle tissue 2. In addition,

satellite cells proliferate and differentiate to repair existing muscle fibers or form new
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fibers. In the absence of sufficient recovery, the damaged tissue may have insufficient time
to repair, and a chronic inflammatory condition connected with overreaching may occur

(Smith, 2000).

In response to EIMD, resident macrophages express several neutrophil
chemoattractants including CXC-chemokine ligand1 (CXCL1) and the CC-chemokine ligand-
2 (CCL2) 8. Neutrophils also enter injured muscle tissue in response to high levels of the
pro-inflammatory cytokines, interferon-y (INFy) and tumor necrosis factor alpha(TNF-a)
8586 Neutrophils and macrophages contribute the majority of the TNFa in muscle
following injury 8 and loss of TNF-a signaling impairs a muscle specific gene pathway

necessary for transition from proliferation to early differentiation of stages in muscle

regeneration .

Neutrophil accumulation activates resident macrophages and attracts further
macrophage invasion. Macrophages are not only phagocytic but may also promote repair
and regeneration via the release of cytokines 8. Both M, and M, macrophage populations
are involved with muscle regeneration >. The predominantly glycolytic M; phenotype
reaches peak numbers 1-2 d post-injury and coincides with the activation and proliferation
of satellite cells during early regeneration. A population of M; non-phagocytic
macrophages possessing an oxidative phenotype replace the M1 macrophages and peak 4
to 7 d post injury coinciding with the expression of genes that mark terminal differentiation

% The anti-inflammatory cytokine, interleukin-10 (IL-10) promotes the transition of
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macrophages from M to the M,. IL-10 also increases AMPK activity which drives the
production of anti-inflammatory cytokines and is involved in signaling the change from the
proliferative to the differentiation and growth stage of myogenesis (Villalta et al., 2011,

Mantovani et al., 2004, O’Neill and Hardie, 2013)

Muscle regeneration is regulated by a family of muscle specific transcription factors
including MyoD, moygenin, Myf4, and Myf5 4. The initial stage involves activation of
guiescent satellites cells and leads to their proliferation and expression of MyoD and Myf5
transcription factors %. Upon activation, satellite cells enter a cycle and divide, and either
return to a quiescence state to renew the population or begin terminal differentiation to
from muscle fibers. Quiescent satellites cells express Pax7 but not MyoD. Following
activation, they cells express both Pax7 and MyoD and exit the cell cycle. Pax7 expression
ceases in satellites cells that continue to differentiate into muscle myocytes %%, Exit of
satellite cells from the cell cycle coincides with the expression of myogenin and Myf4.
These transcription factors along with myocyte binding factor 2 (MEF2) drive the
expression of muscle specific genes that are necessary for muscle cell fusion and transition

to terminal differentiation °°.

Muscle performance

Muscle force production involves a sequence of events, extending from cortical

excitation to motor unit activation to excitation—contraction coupling, and ultimately

97

leading to muscle activation A decrease in maximal force or power production in
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response to EIMD is a commonly experienced phenomenon and can limit athletic
performance 8. Force loss ranging from 10%-65% of pre-exercising values have been
reported %1%, Decrements in force output following EIMD often involves impairment or
failure of excitation-contraction coupling and/or cross bridge cycling in the presence of
neural signaling and may be related to inflammation and oxidative stress targeting proteins

involved in muscle contraction and force production 1101,

The reduction in force-generating capacity of the muscle is a commonly used
indirect marker of EIMD 72. A number of jump performance indices including peak muscle
force, rate of force development, jump height, and flight-time characteristics are
commonly used to measure lower limb muscle power 192, Although laboratory-based force
platforms provide a high degree of precision and accuracy for measuring jump
performance indices, they tend to be more expensive and less feasible for the large
numbers involved in team-based sports. In recent years the introduction of jump mats,
photocell mats and smartphone apps have become very popular among sport teams due
primarily to their ease of use, portability and low cost compared to laboratory-based force
plates and motion capture systems. Jump mats consist of electric circuits that are

103

mechanically activated by pressure *° whereas, photocell mats consist of electric circuits

that are mechanically activated by pressure 194

. Smartphone apps use high speed video
recordings to compute flight time by counting the number of frames between take-off and

landing 10°,
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The decline in force production following eccentric exercise may be due to physical
damage and disruption to the sarcomeres. Non-uniform stretching occurs in sarcomeres
when a muscle lengthens under a high degree of force. Weak sarcomeres may overstretch
and pop resulting in a reducing in force output due to impaired excitation-contraction

coupling 100

. Warren, et al., (2002) proposed that the strength decrements immediately
following eccentric exercise were due primarily to EC uncoupling and that strength loss
beyond 3 d could be accounted for by loss of contractile protein. Force loss following
eccentric exercise in mice can be restored when the EC-coupling pathways is bypassed
using caffeine-induced contraction to directly open sarcoplasmic reticulum calcium
channels 1%, There is large interindividual variability in force loss following eccentric
exercise 1%, The a-actinin 3 (ACTN3) gene has been link to force loss after eccentric actions

in humans suggesting that ACTN3 is one of many genes contributing to genetic variation in

response to exercise .

Among elite young male rugby players, peak rate of force development and peak
power were significantly decreased following a competitive game and did not return to
pre-match values for 48 h 110, Peak force development was also decreased after the game
and did not return to pre-match values for 24 h. Interestingly, there was a significant
inverse relation between the increase in CK and the decrease the peak rate of force
development at 30 min and 24 h post-match. Similarly, Andersson et al., (2008) found a

reduction in CMJ height in the presence of a significant rise in blood CK levels after a soccer
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game whereas Horita et al., (1999) found a significant relation between an increase in
plasma [CK] and decreased drop jump performance for 2 d after exhaustive eccentric
exercise. Johnston et al., (2013) evaluated the changes in peak power in junior rugby
league players over a 5 d period that involved five separate 40 min games. Participants
played two games on day 1 and day 2 and one game on day 4. Peak power decreased
below pre-game 1 at the end of game 3 and remained significantly decreased until after
game 5. Ispirlidis et al., (2008). found that among 24 elite soccer players, vertical jump
performance was significantly lower 24 h post-game than pre-game. CK levels returned to
pre-game values at 72 h. In contrast, sprint speed declined post-game, reached its lowest
value 48 h post-game, and returned to pre-game levels after 120 h. In contrast, Thorlund,
Aagaard and Madsen, (2009) found no significant change in PF, PP, or rate of force
development (RFD) immediately after a soccer match play. Similarly, **found no significant
change in mean force and mean power immediately after a game of elite Australian
Football and suggested that the CMJ may lack the sensitivity to detect neuromuscular

fatigue from a single game.

By impairing muscle force generation, EIMD can have a detrimental impact on
acceleration, deceleration and maximal linear sprint time. Twist and Eston, (2005)
examined the effects of EMD on maximal intensity intermittent sprint performance, a
pattern of activity that is common in soccer, Australian football and rugby game. The

presence of muscle damage was confirmed through elevations in CK and muscle soreness.
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The ability to generate peak power output (PPO) from a standing start over 10 m was
reduced and sprint running time over 10 m was reduced by approximately 3%. In a follow
up study, sprint times were 6% slower over 5 m and 5% slower over 10 m at 24 h and 48 h,
respectively. 1>, Ispirlidis et al., (2008) found a decrease in sprint speed following a soccer
game. The largest decrease was at 48 h post-game, and sprint performance returned to
pre-game levels after 120 h. Similarly, Fatouros et al., (2010) found a significant decline in
20 m spint performance for up to 48 h following a soccer game. In contrast, Semark et al.,
(1999) found not effect of EIMD on single sprint efforts of 5, 10, 20 and 30 m from a

standing start.
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CHAPTER Il
METHODS

Participants

Minor level (u-18), male Gaelic Football players with a mean (SD) age of 17.41 +
0.78 years, BMI 22.50 + 4.20 kg-m2, and VO2 max 57.97 + 6.49 kg mL-kg™>-min™! (measured
by open circuit spirometer) from two separate GAA clubs volunteered to participate in the
study. Each player had a minimum of 5 years playing experience. The teams trained on
average 2 d per week and played at least one game per week during the competitive
season. Written informed consent and assent were obtained from the parents/guardians
and children, respectively. The study was approved by the Research Ethics Committee at

Dublin City University.

Study overview

A single group repeated-measures pre-post-match design was used in this study.
Participants played a single competitive Gaelic football game. Blood samples were taken
and subjective muscle soreness, sprint performance and muscle power were measured
before the game (Pre), 12 h post-game (12 h), 36 h after the game (36 h) and 60 h after the
game (60 h). In addition, a blood sample was also taken immediately post-game (Post).
Heart rate and movement patterns were continuously measured throughout the game
using telemetry and GPS tracking, respectively. The testing protocol is outlined in figure

3.1. Body composition and aerobic fitness were measured prior to the study. With the
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exception of post-game blood draws, all other measurements were taken in the Human
Performance Laboratory at Dublin City University. Participants were requested to refrain
from strenuous physical activity during the 24 h period before the game and for 60 h after

the game.
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Figure 3. 1 Study design

Blood sampling and processing

Approximately 6.0 mL of venous blood was drawn at each time point from a
forearm vein using standard venepuncture. Whole blood samples were centrifuged
(Beckman Coulter, UK) at 3000 rpm for 15 min at 4°C. Plasma was transferred to micro
centrifuge tubes and stored at -80°C for subsequent analysis. Routine complete blood
counts (CBC) were performed prior to centrifugation on whole blood collected in EDTA

vacutainers using an automated cell counter (Coulter Ac.Tdiff2, Beckman Coulter). Plasma
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CK was measured using a Randox Datona™ clinical chemistry analyser using a CK-NAC
assay. The enzyme used for the CK assay was hexokinase and the substrate was creatine

phosphate 2Na4H,0. The absorbance level for the reaction was 340 nm. .

Height and body mass

Height and body mass were measured to the nearest 0.1 cm using a portable scale
(Seca 707 Balance Scales, GmbH, Hamburg, Germany). Participants removed their shoes
and stood with their feet together on the base plate with their arms loosely by their side.
Body mass was measured to the nearest 0.1 kg. Participants were instructed to wear a

light top and shorts, and to remove their shoes prior to the measurement

Counter movement jump

The CMJ was performed on a force plate (ONSPOT 200-1, Innervations, Muncine,
IN, USA), with a sampling rate of 1,000 Hz. Participants were instructed to keep their hand
on their hips, flex their lower limbs and then immediately rebound in a maximal vertical
jump with no pause between the eccentric and concentric phase, and to land with both
feet in contact with the force plate. No instruction was provided in terms of speed or depth
of the countermovement. Three trials each separated by a 60 s rest were performed and
the best score was recorded and used for analysis. Prior to performing the CMJ test, the
participants completed a warm-up session consisting of 5 min of self-paced dynamic
movements followed by 5 min of prescribed dynamic stretching. One practice jump was

provided to familiarise participants with the test procedure.
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The analog signal was converted to a digital signal using a PowerLab 30 series data
acquisition system (AD Instruments, Sydney, Australia). Peak force (PF) was calculated as
the maximum force achieved over the force-time curve during the CMJ. The vertical
velocity was calculated from the integration of the force-time trace and was used in the
calculation of peak power (PP). The vertical force was multiplied by the velocity

throughout the propulsive phase of the CMJ to determine PF.

Sprint speed

A 10 min warm up including jogging, striding and dynamic movement patterns was
completed prior to the sprint test. Wireless electronic timing gates (Fusion Sport
International) were positioned on the starting line and at a distance 5 m and 20 m from the
start line. Participants placed their front foot on a marked line, 50 cm behind the first
timing gate. They were instructed to sprint as fast as possible from a stationary start
through the last gate. Three trials were performed and the 5 m and 20 m times were
recorded to the nearest millisecond (ms). Each trial was separated by a 3 min recovery
period. Following each sprint, the time attained was provided to the participant for

motivational purposes.

Movement patterns and gravitational forces

A 10-Hz global positioning system (GPS) (SPI-Pro, GPSports, Canberra, ACT,
Australia) with integrated triaxial accelerometery was used to measure including total

distance travelled along with specific movement patterns during match play. Six different
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speed zones were classified (Table 3.1) and the frequency and duration of each entry

recorded.

Table 3. 1 Speed zone classifications

Movement Zone m.sec’! km-.h1
Standing 1 <0.19 <0.7
Walking 2 0.19-2.0 0.7-7.2
Jogging 3 2.0-4.0 7.2-14.0
Running 4 4.0-5.5 14.0-20.0
High speed running 5 55-7.0 20.0-25.0
Maximal speed running 6 >7.0 >25

Impacts

The intensity, number, and distribution of gravitational forces (G) experienced by
participants during collisions were recorded and classified based on methods presented
previously for rugby league (4) and rugby union (10) and the manufacturer guidelines
(GPSports, Newry, N. Ireland). Each impact was coded to 1 of 6 zones based on
acceleration G-force characteristics recorded via portable accelerometery. The impact

zone characteristics are listed in Table 3.2.
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Table 3. 2. Impact zones

Zones

G forces

Description

1

5.0-6.0

Very light impact, hard acceleration/deceleration/change of direction while
running.

6.1-6.5

Light to moderate impact, minor collision with opposition player, contact
with the ground.

6.5-7.0

Moderate to heavy impact, making tackle or being tackled at moderate
velocity

7.1-8.0

Heavy-impact, high-intensity collision with opposition player(s), making
direct front on tackle on opponent traveling at moderate velocity, being
tackled by multiple opposition players when running at sub maximum
velocity.

8.1-10.0

Very heavy impact, high-intensity collision with opposition player(s), making
direct front on tackle on opponent traveling at high velocity, being tackled by
multiple opposition players when running at near maximum velocity.

10.1

Severe impact, high-intensity collision with opposition player(s), making
direct front on tackle on opponent traveling at high velocity, being tackled by

multiple opposition players when running at maximum velocity.

GPS typically uses a network of satellites in orbit around the Earth. Each satellite is
equipped with an atomic clock that emits, at the speed of light, the exact time and position
of the satellite. The GPS receiver compares the time emitted by each satellite signal with
the lag time, measured by each receiver, translated into distance by trigonometry. By
calculating the distance to at least 4 satellites, the exact position and altitude of the
receiver on the Earth’s surface can be determined. Speed of displacement is determined
via the Doppler shift method, by measuring the rate of change of the satellites’ signal
frequency attributable to movement of the receiver 7. The integrated accelerometer
within the GPS unit measures accelerations and decelerations (m/s2) for each plane, with
known gravity of 9.8 m/s? equal to 1 G. The integrated accelerometer measures the rate

of acceleration and deceleration on each plane and divides the value by 9.8 m/s? to
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determine the combined G-force as the sum of the G-force measured on each directional

axis. The accuracy and reliability of the SPI-Pro have been reported previously 18119

Approximately 30 min prior to start the game, the GPS device, which weighed 76 g
was fitted in the upper thoracic region and a heart rate telemetry unit (Polar Team Pro,
Polar Precision Performance SW 3.0, Kempele, Finland) was placed around the chest. The
GPS device was supported in a purpose designed harness worn underneath the playing kit.
None of the participants complained of discomfort or impediment to their normal range of

movement or performance from wearing the GPS equipment during match play.

The playing number of each participant and unit number of each device were
recorded for identification purposes. The GPS system was synced with an electronic mobile
device (iPhone 4S, Apple Inc. San Francisco, USA) that was used to manually record the
exact start and end time of each playing half. The exact times of all tactical or injury
enforced substitutions of monitored players were also manually recorded. Data were later
downloaded from each GPS unit to a personal laptop computer where further analysis was

carried out using specifically designed computer software analysis programme.

Heart rate

Heart rate was continuously measured with a sampling frequency of 5 sec using a
wireless telemetry system (Polar Team Pro, Polar Precision Performance SW 3.0, Kempele,

Finland). Heart rate data was stored on a receiver attached to an elastic strap placed
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around the participant’s chest. The data was transferred to a personal laptop computer
for analysis. Individual peak HR’s were identified in order to categorise HR data obtained
during match play in to one of four zones: 0-60%, 61-70%, 71-80%, 81-90% and 91-100%
maximal heart rate (HRmax). Similar zones have previously been used to evaluate the

heart rate response in elite youth soccer players 12°,

Muscle Soreness

Subjective rating of muscle soreness was measured using the pain visual analogue
scale (VAS) (Figure 3.2). The VAS scale ranged from 0-100 and was anchored to written
cues from left (no pain) to right (worst pain imaginable). Participants indicated their
current level of pain on the Pain VAS scale line after performing a squat to a knee angle of
approximately 90° with hands on hips and feet shoulder width apart and then returning to
the standing position.

Worst pain
No pain Mild Moderate Severe imaginable

| 1 1 1 1 | | | | | |

5 10152025303540455055608570758085m951

(mm)

Figure 3. 2 Muscle soreness visual analogue scale

Maximal Aerobic Capacity (VOmax)

Maximal aerobic capacity (VO2max) was determined on a treadmill (Woodway ELG
55, Waukesha, WI) using a ramp protocol. The treadmill velocity was set at 10 km-h* and

the gradient at 4%. Treadmill velocity remained constant and the gradient was increased
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by 1% every min until volitionalefatigue. VO,max was determined by averaging the two
highest consecutive 30 sec values. Heart rate, ratings of perceived exertion (RPE), expired
0,, COy, and ventilatory volume were continuously recorded. RPE was obtained using the
16-point Borg category RPE scale. Heart rate was measured using telemetry (Polar Vantage

NV™ Polar, Port Washington, NY).

Open Circuit Spirometry

Respiratory metabolic responses were determined using standard open-circuit
spirometry techniques (Sensormedics Vmax 229, SensorMedics Corp., CA). Prior to testing,
the gas analysers were calibrated with standard gases of known concentration. The
calibration gas was sampled at a rate of 125 Hz. A mass flow sensor (Sensormedics, Loma
Linda, CA, USA) was used to collect breath-by-breath measurement of ventilation. A3 L
volume syringe (Sensormedics, Loma Linda, CA, USA) was used to calibrate the mass flow

sensor prior to each test.

Statistical Analysis

Goalkeepers were excluded from the analysis. Prior to statistical analysis the data
was checked for normality using the Shapiro-Wilks test. A one-way repeated measures
ANOVA was used to compare the mean differences across time. Significant main effects
were probed using a Bonferroni post hoc test. SPSS for Windows statistical software (ver
25.0) was used to perform the statistical analysis. The criterion for significance (alpha)

was set at 0.05.

41



CHAPTER IV
RESULTS

Activity characteristics

The activity characteristics during match play are summarized in Figure 4.1. Players
covered a total distance of 6132 + 1090 m at a relative velocity of 100 m-mint. The majority
of the total distance (72%) was covered at a velocity < 4.0 m.sec and only 10% of involved
combined high speed and maximal speed running. The maximal velocity achieved during
match play was 8.16 + 0.38 m.sec’’. There was a significant difference (p<0.001) in the

distance covered in each activity.
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Figure 4. 1 Activity characteristics during Gaelic football match play
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Creatine kinase

Figure 4.2 illustrates the average CK values. Compared to pre-game, circulating CK
levels were significantly higher immediately post game (p<0.001) and 12 h post-game
(p<0.01). CK levels were not significantly different from pre-game at 36 h and 60 h. There

was no significant relation between impact and CK levels.
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Figure 4. 2 Serum levels of CK pre-game and at 12 h, 36h and 60 h.

Values are mean + SD, tp<0.01 vs. pre-game; ¥p<0.001 vs. pre-game

Muscle soreness

Compared to pre-game values, muscle soreness was significantly higher at 12 h

(p<0.001) and 36 h (p<0.01) post game and significantly lower at 60 h (p<0.05).
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Figure 4. 3 Muscle soreness pre-game and at 12 h, 36 h and 60 h.

Values are mean + SD, *p<0.05 vs. pre-game; Tp<0.01 vs. pre; ¥p<0.001 vs. pre-game

Impact zones entries

The average number of impact zone entries are summarized in table 4.1. There
were 155 (5%) impacts > 7 G-forces.

Table 4.1 Average number of impact zone entries during
Gaelic football match play

1 (<5.0-6.0 G) 2508.83 + 728.01
2 (6.1-6.5 G) 100.37 + 42.99

3 (6.5-7.0 G) 67.10 +3.31

4 (7.1-8.0 G) 78.07 + 36.32

5 (8.1-10.0 G) 55.47 + 33.57

6 <10G. 22.53 +17.27

Values are mean £ SD
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Leukocyte trafficking

Table 4.2 summarizes the mean number of circulating leukocytes, granulocytes,
lymphocytes and monocytes. The number of leukocyte and granulocytes was significantly
higher (p<0.001) and the number of lymphocyte significantly lower (p<0.001) immediately
post game compared to pre-game. Compared to pre-game values, the number of
circulating leukocytes and granulocytes was significantly decreased at 12 h (p<0.001), 36 h
(p<0.001) and 60 h (p<0.001) post-game. Circulating lymphocyte numbers were
significantly lower than pre-game levels 36 h after the game. Compared to pre-game
values, there was no change in the number of circulating monocytes at any time point after

the game.

Table 4. 2 Absolute number of circulating leukocytes before and after Gaelic football
match play

Leukocytes Granulocytes Lymphocytes Monocytes
Pre-game 8.59+1.94 5.84+1.62 2.50+£0.71 0.351£0.20
Post-game 11.38+2.20f 8.76 +2.05% 2.06 £ 0.66% 0.331+0.18
12 h 7.22 £+ 1.45% 456 +1.21% 2.38+0.73 0.34+£0.17
36 h+ 6.84 + 1.46% 4.26+1.31% 2.23+£0.71t 0.47 £0.69
60 h+ 6.78 + 1.44% 4.14 +1.35% 2.36+0.71 0.26 £0.15

Values are mean = SD, *p<0.05 vs. pre; Tp<0.01 vs. pre; £p<0.001 vs. pre

Muscle function

Figure 4.4 illustrates the average peak force values before and after Gaelic football
match play. Compared to pre-game values, there was a significant decrease in peak force

at 12 h and 60 h.
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Figure 4. 4 Peak force values pre-game and at 12 h, 36 h and 60 h.

Values are mean + SD; tp<0.01 vs. pre-game

Sprint speed

Table 4. 3 summarizes the mean 5 m and 20 m sprint times before and after Gaelic
football match play. Compared to pre-game values, there was a significant decrease in 5

m and 20 m sprint times at 12 h, 36 h and 60 h.

Table 4. 3 Sprint Performance before and after Gaelic football match play

Group
5 metres 20 metres
Pre-game 0.96 £ 0.04 294 +0.11
+12 h 1.06 + 0.06% 3.12 +0.12%
+36 h+ 1.07 £ 0.06% 3.11+0.11%
+60 h+ 1.07 £ 0.07% 3.12 +0.13%

Values are mean = SD, *p<0.05 vs. pre; Tp<0.01 vs. pre; £p<0.001 vs. pre
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CHAPTER 5

DISCUSSION

Gaelic football in an invasion field-based team sport that is very popular among
both men and women in Ireland. Like other invasion field-based team sports, Gaelic
football is characterized by repeated bouts of eccentric muscle action and frequent high-
impact collisions that can result in muscle damage, DOMS and impaired muscle function.
In recent years a number of studies have examined the match-play demands and
possession characteristics 122122 of youth Gaelic football. However, no published studies
have examined the effect of Gaelic football match-play on biomarkers of muscle damage,
inflammation, DOMS and muscle function. The purpose of this study was to examine the
effects of competitive Gaelic football game on circulating CK levels, leukocyte trafficking,

muscle soreness and muscle function among 17-year club level Gaelic football players.

Recent advances in global positioning systems (GPS) have facilitated a more

118 Indeed, video

thorough study of performance during invasion field-based team sports
analysis and player tracking technology are now embedded within the preparation
programs and performance evaluation of most elite inter-county Gaelic football teams. In

contrast, very little published data is available on the match-play demands during Gaelic

football involving youth.

The participants in the present study were well conditioned with on average VO,

max of 57.97 mL-kg-minl. An average distance of 6131 m was covered during the 60 min
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game. This is very similar to the average distance of 5,774 m covered during 17 games by
U-18 players and 5732 m reported during six intercounty U-15 games 22, It is however,
considerably lower than the 8160 m reported in senior elite-intercounty players 2. More
than two-thirds of the total distance covered was spend walking or jogging and only 11%
involved either high-speed running or max speed running. Interestingly, the average
distance covered per min (100 m-min!) was very similar to that recently reported for elite

level senior players (104 m-min) (McGahan, Burns, Lacey, Gabbett, & Neill, 2018).

CK is the most commonly used biomarker to assess muscle damage in both
individual and team sports. In the present study, pre-match CK levels (512 + 74 U L) were
higher than previously reported among prepubescent 24125, and adolescent males 126,
However, there was large interindividual variability in pregame CK levels with values
ranging from 131 to 1641 IU/L (figure 5.1). This equates to a 12.5-fold difference within
the squad of players. A study involving a group of 483 male athletes ranging in age from 7
to 44 years reported reference CK levels between 83 to 1043 U/L ' which also represents
a 12.5-fold difference between the lowest and highest CK value. Among Brazilian
professional soccer players there was also a degree of variably (200-1600 U/L) in baseline
CK levels 1?7, In the present study. 9 of the team members had a baseline CK value > 600
IU/L and three players >1000 IU/L. The elevated baseline CK levels may have been due in

part to residual muscle damage accumulated from the rigors of the preceding practice

session or game. In addition, many of the study participants were involved in a number of
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different individual and team sports and, it is therefore possible that the cumulative effect
of muscle damage associated with the rigors of training and game participation across

multiple sports may have contributed to the elevated baseline CK level.
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200 S
S

Figure 5. 1 Individual blood CK levels at baseline prior to the game

CK responses to match

Blood levels of CK peaked at 70% above pre-game values at 12 h, and returned to
pre-game values at 36 h. The peak CK levels were much higher than those reported in
prepubescent and adolescent males following laboratory based studies that involved

stepping 128

, plyometric jumps 124, concentric contractions of the elbow flexors!?®, eccentric
contractions of the knee extensor 126139 bench press 3! downhill running %> and high
intensity treadmill 32 running. They were however, similar to peak values reported in elite

19-year-old rugby league players >*. It is possible that the true peak CK value may have

been missed since for logistical reasons no blood sample was taken between 12 h and 24
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h post-game. However, the peak CK level at 12 h was almost identical to values found in

19 year old rugby league players 24 h after a competitive game (874 vs 889 1U/L) 2.

There was no significant relation between any of the measured movement
variables and circulating levels of CK in the present study. Our findings do not support a
relation between any movement demands variables determined by GPS in Gaelic football
and CK plasma activity. Others studies have also failed to find a relation between
movement characteristics and CK activity 12133, In contrast, Young, Robbins and Hepner,
(2012) found a positive association muscle damage and both the distance covered at
various speeds and the number of accelerations and decelerations in elite junior level (16-
18 y) Australian football players. A positive relation was also found between the number
of high intensity movements during soccer and peak CK at 24 post game (Russell et al.,

2016).

In addition to high intensity activity involving eccentric muscle action, Gaelic
football match play is also synonymous with high impact collisions in the form of tackling
and the shoulder charge. The number of tackles and/or high impacts in zone 5 (very heavy)
and zone 6 (severe) during rugby union and rugby union match play was found to be
associated with peak post-match CK levels (Takarada, 2003, Cunniffe et al., 2010; McLellan,
Lovell, & Gass, 2011b). In contrast, there was no association between impacts and

postgame CK level in the present study. The fact that the majority of the collisions were in
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in Zone 1 (very light) and Zone 2 (light to moderate) indicates that blunt force trauma was

not a major contributing factor to the muscle damage.

There was also large interindividual variability in blood CK levels at each time point
following the GK game (figure 5.2). Itis well established that participant in exercise related
studies demonstrate a wide range of physiological responses and it is not uncommon for
some participants to experience an adverse response or decline in performance following
acute or chronic exercise interventions. Reporting mean changes in CK as a representative
of the entire group usually has little relevance for individual players on a sports team and
indeed, can often mask adverse responses. In contrast, determining physiologically
meaningful changes in CK values on an individual level is of much greater importance in

team preparation.

51



2500

2250 A

2000
1750
1500
1250
1000

750

Creatine Kinase (IU/L)

250

2500
2250
2000
1750
1500
1250
1000

750

500

250

Creatine Kinase (IU/L)

2500
2250
2000
1750
1500
1250
1000

750

500

250

Creatine Kinase (IU/L)

500 -

Pre-game

2500
2250
2000
1750
1500
1250
1000

Creatine Kinae (1U/L)

Post-game

250
.||||||||||||||HHHHH 0

2500
2250
2000
1750
1500
1250
1000

750

500

Creatine Kinase(IU/L)

12h

750 A

500

250
0

36 h

60 h

Figure 5. 2 Individual blood CK levels pre-game, post-game and 12 h, 36 h and 60 h

during recovery.
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Research investigating factors associated with variations in CK response are vital in
informing potential measures that could be put in place, to monitor recovery strategies of
individual athletes and aid in team selection. In particular, specific gene polymorphisms
that influence muscle disruption, calcium handling and inflammatory responses may help
to explain the considerable inter-individual variability in the response to muscle damaging

exercise 13>136 and warrant further investigation.

DOMS is one of the most common symptoms of EIMD and the associated pain and
discomfort can discourage exercise participation and decrease exercise performance. A
visual analogue scale that ranged from 0-100 and anchored with written cues was used to
assess active muscle soreness. Prior to the game, all of the study participants indicated
some degree of muscle soreness, with large interindividual variation (figure 5.3). A little
over 50% of the participants had a pre-game muscle soreness value > 20, out a maximal
score of 100. This score probably reflects a residual muscle soreness related to previous

training sessions and/or games.
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Muscle Soreness (AU)

Muscle soreness was significantly elevated at 12 h and 36 h post game and returned
to baseline at 60 h. There was large heterogeneity in both absolute and percentage change
in muscle soreness. The mean peak muscle soreness value was approximately 1.6-fold
higher than at baseline. However, the average peak value of 56 was well below the
maximal achievable value of 100 indicating that the players experienced low to moderate

levels of muscle damage following participation in the Gaelic football game.

Among 64 elite Australian Football players muscle soreness was found to also be
approximately 50% of the maximal attainable the day after the game and progressively
declined each for the following 3 days 3. Studies involving soccer have reported peak
muscle soreness at 24 to 48 h post-game >>13%140 Although muscle soreness peaked at 12
h and remained elevated above baseline value at 36 h, it is possible that the true peak MS

value may have been missed as no measurement was taken between 12 h and 36 h post-
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game. There was no significant association between blood CK levels and muscle soreness
at any time point before or after the game. Among 17-year old male tennis players, Gomes
et al., (2014) found that muscle soreness measured using the VAS scale peaked 24 h after
a 3 h game and returned to pre-game values at 48 h. The peak value (18 mm) was much
lower that found in the present study (56 mm) mostly like due to the physical nature of

invasion team sports compared to tennis match play.

Muscle Performance

Muscular power, defined as the ability to produce force at a rapid velocity of
movement is important in activities that rely on jumping, sprinting and rapid change of
direction. Peak force development was 6% below the pre-game level 12 h after the game
and was still significantly reduced 28 h later (60 h). Compared to pre-games values, both 5
m and 20 m sprint performance were decreased at 12 h, 36 h and 60 h into recovery. There
was no associated between blood CK levels and peak force or sprint performance during

recovery.

Decrements in peak force development and sprint performance is a commonly
experienced phenomenon following competitive match play in elite young athletes playing

110 and elite soccer °¢. Force loss ranging from 10%-65% of pre-exercising values

rugby
have been reported 1%, Disruption of force-generating and/or force transmitting

structures is believed to one of the primary mechanism responsible for the decrements in

muscle performance in the days following EIMD.
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Inflammation

It is well established that acute exercise results in a biphasic leukocyte response
characterized by a leukocytosis comprising all major leukocyte subpopulations during, and
immediately following exercise, and a leukocytopenia involving both granulocytes and
lymphocytes starting within 4 h of recovery 1%2. In the present study, there was a 33%
increase in the number of circulating leukocytes immediately post game compared to pre-
game. This exercise induced leukocytosis is believed to be mediated by hemodynamic
shear stress and/or catecholamines acting on leukocyte beta 2-adrenergic receptors 143,
Contrary to the finding in this study, other studies involving soccer have reported

elevations in the blood leukocyte levels that persisted for 24 h to 48 h post game .

The sustained leukocytopenia 60 h post game reflects the preferential trafficking of
leukocyte subtypes with tissue-migrating potential and potent effector function. The
decrease in the circulating leukocytes was due primarily to changes in both granulocytes
and lymphocytes. Although granulocyte subpopulations were not measured, it is likely the
neutrophils were primarily responsible for the sustained granulocytopenia at 60 h 144145,
All lymphocyte sub-populations have been shown to contribute to the post exercise
lymphopenia, with NK cells the largest contributor ¢, Reduced blood levels of
lymphocytes have been reported in men %7 and women 4 following participation in a

competitive soccer game.
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The transient leukocytopenia at 60 h may indicate some degree of
immunodepression that in the absence of appropriate recovery may increase the risk of

148 Importantly, allowing

opportunistic infections and illness in susceptible individuals
players to undertake rigorous training or play competitive games while the immune system

depressed could lead to more severe immunodepression and illness.

Conclusion

In conclusion, Gaelic football match play involving adolescents results in significant
changes in markers of muscle damage, DOMS, circulating leukocytes and muscle function.
Effective planning of training and recovery isimportant in the preparation of Gaelic football
teams. In many cases decisions regarding recovery duration and intensity are based solely
on player feedback and coaches intuition. The challenge of optimising recovery is further
compounded by large inter-individual variability in responses to both training and
competitive matches. The measurement of blood biomarkers, muscle soreness, sprint

speed and jump performance may allow the coach to individually monitor recovery status.

Limitations

e It was not possible to verify if the study participants refrained from strenuous
physical activity for 24 h before the game and for 60 h after the game as
requested.

e For logistically reasons it was not possible to collect data between 12 and 36 h

post game.
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The game was a specially organised for the purpose of the study and may
therefore, have lacked the intensity associated with a competitive fixture.
Participants were not familiarised with the testing procedures prior to their

participation in the study.

Future Research

To measure resting baseline CK levels in order to establish individualised
upper limits of normal to be used as a reference value.

Identify genetic polymorphisms that could help to explain variability in CK
levels between responders and non-responders.

Assess the relation between deceleration, acceleration, change of direction
and muscle damage.

Assess both indices of both innate and acquired immune function
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