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ABSTRACT

Purpose:

Understand the effectiveness of foam rolling as a recovery tool following exercise
induced muscle damage (EIMD), analyzing: muscle soreness, dynamic and passive range
of motion (ROM), along with evoked and voluntary neuromuscular properties.

Methods:

20 male subjects with 3+ years of strength training experience were randomly
divided into either the control (CON) (n=10) or foam rolling (FR) (n=10) group. All
subjects followed the same testing protocol. The only between group difference was that
the FR group performed a 20-minute foam rolling exercise protocol at the end of the
testing session at post-test 0, 24, and 48 hours (POST-0, POST-24, POST-48). Subjects
participated in 5 testing sessions: [1] orientation and 1 repetition maximum (1RM) back
squat, [2] pre-test measurements (PRE), 10 x 10 squat protocol (weight: 60% 1RM,
tempo: 4,1,1,1) with 2 minutes rest between sets, and post-test measurements (POST-0),
along with measurements at: [3] POST-24, {4] POST-48, and [5] POST-72. Test
measurements included: thigh girth, muscle soreness, range of motion (ROM), evoked
and voluntary contractile properties, vertical jump, along with perceived pain (FR-pain)
and reaction forces (FR-force) while foam rolling.

Results:
Thigh girth showed no substantial between group differences at all time points.

FR substantially reduced muscle soreness at all time points while substantially improving
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ROM. FR negatively affected evoked contractile properties (twitch force, rate of force

development, and potentiated twitch force) with the exception of half-relaxation time
(2RT) and electromechanical delay (EMD). %4RT showed no substantial between group
differences at all time points, while FR substantially improved EMD. Voluntary
contractile properties showed no substantial between group differences for all
measurements besides voluntary muscle activation, with FR substantially improving
muscle activation at all time points. FR improved functional movement, with substantial
between group differences in vertical jump height. When performing the five FR
exercises at the three time points (POST-0, POST-24, POST-48), subjects FR-force
ranged between 26-46kg (32-55% of subjects’ body weight) with FR-pain measurements
(based on NRS) ranging between 2.5-7.5 pts.

Conclusion:

The most important findings of the present study were that FR was beneficial in
attenuating muscle soreness while improving vertical jump height, muscle activation, and
passive and dynamic ROM in comparison to CON. FR negatively impacted a number of
evoked contractile properties of the muscle, except for ¥4 RT and EMD, indicating that

FR benefits are primarily accrued through neural responses and connective tissue.
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CHAPTER 2: REVIEW OF LITERATURE

2.1 INTRODUCTION:

Foam rolling (FR) is commonly implemented by therapists and fitness
professionals as a recovery and maintenance tool to aid in the healing process of soft-
tissue. Advocates (9, 25) claim that FR: corrects muscular imbalances, alleviates muscle
soreness, improves neuromuscular efficiency, relieves joint stress, and enhance joint
range of motion (ROM). FR has been implemented into a number of different
rehabilitation and training programs to help promote soft-tissue extensibility. enhance
joint ROM, relieve pain and muscle soreness, and promote optimal skeletal muscle
functioning (9, 25, 60).

Although FR is strongly advocated and has been commonly implemented, there
have only been three peer-reviewed research articles published to date. Pearcey et al. (76)
examined the effects of FR after an intense exercise protocol on pressure pain threshold
and dynamic performance measures, concluding that FR is an effective method in
reducing delayed onset muscle soreness (DOMS) and associated performance decrements
in sprint time, power, and dynamic strength-endurance. MacDonald et al. (60)
investigated the effects of acute FR prior to physical activity and demonstrated that FR
had no effects on neuromuscular performance, while significantly increasing ROM at 2
and 10 minutes post-FR by 10 and 8%, respectively. Curran et al. (25) determined that a

higher density foam roller significantly increased soft tissue pressure and isolated the soft




tissue contact area, potentially increasing the effects foam rolling has on improving soft

tissue health.

FR has been referred to as a form of self-induced myofascial release (SMR) or
self-massage (60, 75). SMR is believed to work under the same principles as myofascial
release (MFR). MFR therapy is a manual therapy technique developed by John F. Barnes
(10) and is believed to help reduce restrictive barriers or fibrous adhesions seen between
layers of fascial tissue. The difference between the two techniques is that instead of a
therapist providing manual therapy to the soft tissue, an individual uses their own body
weight on a foam roller to exert pressure on the soft-tissue. The SMR technique involves
small undulations back and forth over a dense foam roller, starting at the proximal portion
of the muscle, working down to the distal portion of the muscle or vice versa (74). The
small undulations place direct and sweeping pressure on the soft-tissue, believed to
stretch the tissue, generating friction between the soft-tissue of the body and the foam
roller. The friction generated from the undulations is believed to cause warming of the
fascia, promoting the fascia to take on a more fluid like form (known as the thixotropic
property of the fascia), allowing fibrous adhesions between the layers of fascia to be
broken up, restoring soft-tissue extensibility (81).

In the past decade, therapists and fitness professionals have implemented foam
rolling as a recovery and maintenance tool to aid in the process of soft-tissue healing in
response to injury. Soft-tissue injuries often occur as a result of excess stress placed on
the tissue from physical activity or from the tissue being under-stressed due to inactivity

in an individuals daily routine (8). It is believed that connective tissue (fascia)




surrounding the muscle is the common sight of injury. Fascia is believed to stiffen due to
injury or inactivity, becoming less pliable, resulting in movement pattern restrictions and
alterations in muscular force (8). Foam rolling is frequently implemented into different
rehabilitation and training programs to address these fascial restrictions and promote soft-
tissue extensibility, potentially enhancing joint ROM and promoting optimal skeletal
muscle function.

With no current interventions having the ability to prevent exercise induced
muscle damage (EIMD) and the subsequent onset of DOMS, and with eccentric activity
being an integral part of everyday living, we must look at therapies and mechanisms to
help treat EIMD. EIMD and the subsequent onset of DOMS can negatively alter an
individual’s ability to perform daily activities and/or their willingness to continue
participation in physical activity, therapeutic exercise, and/or sport. Finding treatment
methods to effectively alleviate EIMD and DOMS may increase participation in daily
activities and may allow an individual to maintain their adherence to participate daily in
physical activity.

With foam rolling commonly being implemented as a recovery tool following an
intense bout of physical activity by therapist and fitness professionals, the purpose of the
present literature review is to first gain an in-depth understanding of what EIMD is by
looking at: the effect EIMD has on the body, the theories of how EIMD is induced, and
the underlying mechanisms of the bodies recovery process following EIMD. Upon
understanding EIMD, the next step is to gain insight into the effects massage has on the

recovery process following EIMD along with other potential mechanisms that have been




demonstrated to aid in the recovery process following EIMD. An in-depth analysis of

massage 1s needed as foam rolling is commonly referred to as a form of self-massage.
With foam rolling research still very much in an exploratory phase, the vast knowledge
base provided with massage research will act as starting point to base the hypotheses in
this thesis regarding the effects foam rolling may have in the recovery process following

EIMD.

2.2 EXERCISE INDUCED MUSCLE DAMAGE: (EIMD)

2.2.1 INTRODUCTION:

From the recreationally active to the elite athlete, many individuals commonly experience

EIMD resulting in DOMS following an intense bout of physical activity. EIMD is
characterized by muscle soreness, muscle swelling, temporary muscle damage, an
increase in intramuscular protein and passive muscle tension, and a decrease in muscular
strength and ROM (18, 90). In addition to these responses, EIMD can affect
neuromuscular performance by reducing shock attenuation and altering muscle
sequencing and recruitment patterns, potentially placing unaccustomed stress on muscle
tendons and ligaments (18). There are a number of proposed theories regarding the
mechanisms of DOMS. The bulk of the literature reports that high mechanical stress
placed on the myofibrils (most commonly seen during eccentric exercise) damages both
muscle and connective tissue. This tissue damage subsequently triggers an acute
inflammatory response consisting of edema and inflammatory cell infiltration that leads

to a loss of cellular homeostasis, particularly due to high intracellular calcium
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elongate while under tension as a result of the opposing force placed on the
muscle being greater than that of the force being produced by the muscle (51).
Compared to concentric muscle contractions, eccentric contractions are known to
cause greater muscle soreness since less muscle fibers are recruited to resist a
given weight causing the recruited muscle fibers to be placed under higher tensile
forces, increasing muscle fiber damage (71).

Muscle soreness can be divided into two categories, acute and DOMS.
Acute muscle soreness is categorized as the soreness felt during the final stages of
a fatiguing bout of physical activity, generally the result of muscular ischemia
(29) along with the accumulation of metabolic waste products (33). DOMS refers
to the muscle soreness occurring post-exercise. DOMS is the result of
unaccustomed mechanical stress placed on the muscle resulting in muscle and
connective tissue damage. Muscle and connective tissue damage leads to muscle
edema and inflammation leading to further sarcomere damage, protein
degradation, and the subsequent onset of DOMS (47) which generally reaches its

peak intensity between 24-48 hours (18, 23), and generally subsides within 5-7

days post exercise (2, 3, 18).

2.2.22 NEUROMUSCULAR IMPAIRMENTS:

Neuromuscular impairments as a result of EIMD have been shown to
cause a loss in proprioceptive functioning in the days following an intense bout of
physical activity (78). These losses included attenuated: joint range of motion

(ROM), muscular strength (67), joint-angle perception (78), and force perception
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they have feelings of intense muscle soreness from EIMD (18). Commonly
individuals will work through the pain, potentially putting themselves at increased
risk of injury, due to unaccustomed stress placed on the already damaged soft-
tissue of the body. This stress can cause individuals to take on altered movement
and muscle sequencing patterns to compensate and protect areas in the body
recovering from EIMD (83). Changes in movement and muscle sequencing
patterns (31) can lead to increased activation of muscles unaccustomed to the
demand of the given workload, causing them to work at an intensity greater than
what they are familiar to, potentially putting an individual at greater risk of injury.
With EIMD having the potential to pose as a significant barrier to an individual’s
daily routine and participation in daily physical activity, we must first look to
understand the underlying mechanism resulting in EIMD before we can look at
potential methods to prevent EIMD or help aid in the recovery process following

EIMD.

2.2.3 MECHANISMS OF EIMD:

2.2.3.1 INTRODUCTION:

With EIMD being so profound in recreational to elite athletes and with so
many unanswered questions regarding the underlying mechanisms of EIMD, a
number of theories have been proposed to debunk the underlying cause of EIMD
resulting in DOMS. As many as six theories have been proposed and discussed in
the literature within the past decade. Each theory has outlined different

mechanisms as the root cause of EIMD subsequently resulting in the onset of
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EIMD, Armstong et al. (4), Beltman et al. (11), and Schwane et al. (80) findings
prove that metabolic costs seem highly unlikely to be the main cause of EIMD and
the subsequent onset of DOMS. With EIMD unlikely being caused by metabolic

stress, it seems likely that mechanical stress may be the root cause of EIMD.

2.2.3.3 MUSCLE SPASMS:

The muscle spasm theory proposes that hyperactivity in the resting muscle
post-exercise (13, 22, 43) results in tonic muscle spasms which compress local
blood vessels, decreasing blood flow to the muscle, causing ischemia and the
accumulation of waste products and enzymes within and around the muscle. The
accumulation of waste products and enzymes simulates pain receptors at the site
of EIMD. These findings have been controversial, as past research has shown
mixed results when looking at muscle activity using both bipolar (2) and unipolar
(27) electrodes when measuring electromyography. Some studies have shown no
increase in EMG activity in sore muscles, while others have shown increased
EMG activity in sore muscles (2, 68). Even with an increase in EMG activity
post-exercise, no relationship has been seen between EMG magnitude and muscle
soreness (13). Along with the lactic acid theory, the muscle spasm theory has
largely been rejected due to the inconsistency in results along with a number of
studies showing an increase in resting joint stiffness, but no increase in EMG

activity following EIMD (52, 55).
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and slowing the re-uptake of calcium back into the sarcoplasmic reticulum (3,
43). Calcium accumulation within the injured muscle is also thought to activate
proteases and phospholipases, causing further protein degradation within the
muscle, further weakening the z-lines (35). With increased muscle degradation
and chemical stimulation, there is likely an increase in the number of nerve

endings sensitized, likely increasing the sensation of pain.

2.2.3.7 INFLAMMATION:

During connective and muscle tissue damage, an efflux of enzymes are
released from the damaged cells. The body responds to these changes in an
attempt to return to a state of homeostasis within the body. The body reacts to
these alterations through inflammatory cell infiltration resulting in edema (84).
Proteolytic and lipolytic enzymes within the muscle fibers initiate protein and
lipid degradation, increasing the turnover rate of damaged muscle and connective
tissue. In addition, the accumulation of histamine, kinins, prostaglandins, and
potassium (3) attracts monocytes and neutrophils to the area effected by EIMD
(46). As a result of these events, fluid moving across the cell membrane into the
extracellular space results in edema, increasing osmotic pressure, stimulating
group IV sensory neurons, subsequently resulting in pain (36). Smith (84) and
Armstrong (3) believe that along with the increase in osmotic pressure, the
monocytes/macrophages that accumulate at the site of EIMD also secrete
substances that sensitize type [l neurons as well as type [V neurons, further

elevating the sensation of pain, which generally peaks between 24 and 48 hours.
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increase blood flow to the injury site, increasing oxygen and nutrients to damaged
tissue cells, while removing waste products and debris. Although no research to
the author’s knowledge has looked at the effects of massage on blood flow
following EIMD, Hovind & Nielsen (49) and Cafarelli & Flint (15) found that
following a massage intervention subjects vascular bed blood flow increased,
whereas Tiidus (88) found no changes in arterial or venous blood flow following
massage. These findings may be the result of massage not having a significant
effect on total systemic blood flow, but having a more minute effect at the
vascular bed level, increasing the diffusion of oxygen and nutrients into the
damaged cells, along with the diffusion of carbon dioxide and other waste
products out of the cells.

Increased blood flow and fluid accumulating at the site of injury due to
inflammation has also shown to cause an increase in limb girth following EIMD
(52, 84). Zainuddin et al. (93) showed that following 10 sets of 6 repetitions of
eccentric biceps curls, a massage intervention significantly reduced upper arm
circumference at POST-72 and POST-96 in comparison to the control group. On
the contrary, Abad et al. (1) found that the implementation of massage following
an EIMD protocol had no effect on limb girth following EIMD, although no
significant changes were seen in limb girth following the EIMD protocol at all
time points (POST-24, 48, 72, & 96).

Nociceptors and other pain receptors are activated as a result of sarcomere

damage, calcium accumulation, protein degradation, and osmotic pressure,
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demonstrating static stretching to have no effect on joint ROM recovery following
EIMD. Although static stretching has shown potential benefits in attenuating
EMG activity and losses in joint ROM, static stretching has shown no effects in
reducing muscle soreness (44, 54, 64) and tenderness (54). muscle strength
deficits (44, 54), and limb girth (44). all of which are common symptoms of

EIMD.

2.2.4.7 CONCLUSION:

Existing therapies have provided inconclusive results for treating EIMD.
To date, massage therapy seems to be the most effective method of intervention.
With FR being termed a form of self-massage and with FR becoming an
increasingly popular therapy technique used by therapists, fitness professionals,
and active populations, it seems prudent that we analyze the efficacy of FR as a
recovery tool following EIMD. Furthermore, physiotherapists have estimated that
~45% of their time spent with athletes is devoted to massage during major
national and international athletic events (5). Therapist and fitness professionals
have reported that the main limitation in the implementation of massage is the
time commitment required, as many therapists/fitness professional must deal with
high-volume caseloads, making massage too time-consuming to implement (75).
Therapists and fitness professionals who can effectively implement FR into a
patient, client, or athlete’s program, may be able to more effectively address soft-

tissue problems that have the potential to manifest into pain and joint dysfunction.
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However, only one practical study (76) has addressed the effectiveness of foam

rolling as a recovery tool following EIMD.

2.2.5 ALLEVIATING EIMD & DOMS VIA FOAM ROLLING (FR):

Currently there is only one published article by Pearcey et al. (76) pertaining to
the effects of FR on EIMD. Pearcey et al. (76) analyzed the effects of FR on functional
measures such as sprint speed, agility, broad jump, squat strength and pain threshold.
Their findings showed that FR substantially improved quadriceps muscle tenderness
in the days following EIMD (d=0.59 to 0.84) while also substantially improving
sprint time (d=0.68 to 0.77), power (d=0.48 to 0.87) and dynamic strength-
endurance (d=0.54). They concluded that FR is effective in reducing DOMS and
associated decrements in most dynamic performance measures. Since Pearcey et al.
(76) took an applied research approach, the next progression is to analyze the
possible underlying mechanisms regarding how FR improves the recovery process
following EIMD. No research to date has analyzed the underlying mechanisms on

how FR improves the recovery process from EIMD.

2.3 CONCLUSION:

Through the analysis of the effects, mechanisms, and methods of treating EIMD,
along with a thorough review of the effectiveness of a number of common interventions
implemented to help treat symptoms of EIMD, a vast knowledge base has been

established. From this knowledge base, the wealth of information obtained persisting to
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3.1.3 RESULTS:

Thigh girth showed no substantial between group differences at all time points.
FR substantially reduced muscle soreness at all time points while substantially improving
ROM. FR negatively affected evoked contractile properties (twitch force, rate of force
development, and potentiated twitch force) with the exception of half-relaxation time
(“2aRT) and electromechanical delay (EMD). 2RT showed no substantial between group
differences at all time points, while FR substantially improved EMD. Voluntary
contractile properties showed no substantial between group differences for all
measurements besides voluntary muscle activation, with FR substantially improving
muscle activation at all time points. FR improved functional movement, with substantial
b ween group differences in vertical jump height. When performing the five FR
exercises at the three time points (POST-0, POST-24, POST-48), subjects FR-force
ranged between 26-46kg (32-55% of subjects’ body weight) with FR-pain measurements

(based on NRS) ranging between 2.5-7.5 pts.

3.1.4 CONCLUSION:

The most important findings of the present study were that FR was beneficial in
attenuating muscle soreness while improving vertical jump height. muscle activation, and
passive and dynamic ROM in comparison to CON. FR negatively impacted a number of
evoked contractile properties of the muscle, except for /2 RT and EMD, indicating that

FR benefits are primarily accrued through neural responses and connective tissue.
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3.1.5 KEY WORDS:
self myofascial release, exercise-induced muscle damage, muscle activation, perceived

pain, muscle soreness, recovery
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From the recreationally active to the elite athlete, many individuals commonly
experience exercise induced muscle damage (EIMD) resulting in DOMS following an
intense bout of physical activity. EIMD is characterized by muscle soreness, muscle
swelling, temporary muscle damage, an increase in intramuscular protein and passive
muscle tension, and a decrease in muscular strength and ROM (10, 37). In addition to
these responses, EIMD can affect neuromuscular performance by reducing shock
attenuation and altering muscle sequencing and recruitment patterns, potentially placing
unaccustomed stress on muscle tendons and ligaments (10). There are a number of
proposed theories regarding the mechanisms of DOMS, with the bulk of the literature
reporting that high mechanical stress placed on the myofibrils, most commonly seen
during eccentric exercise, damages the muscle tissue and connective tissue, triggering an
acute inflammatory response consisting of edema and inflammatory cell infiltration that
leads to a loss of cellular homeostasis, particularly due to high intracellular calcium
concentrations (37). Sarcomere damage, calcium accumulation, protein degradation, and
osmotic pressure all combine to sensitize nociceptors and other pain receptors, causing
the sensation of DOMS (10). Through the analysis of a number of review articles,
treatments that have shown potential benefits in treating symptoms of EIMD include:
cryotherapy (12, 20, 37), light exercise (12, 37), and compression (10, 12). Although
these therapies have shown to be beneficial in treating EIMD symptoms, the contrary has
also been demonstrated in the literature (10, 12, 20, 37). On top of this, although these
methods have shown to be beneficial in treating EIMD symptoms, no one therapy has

proven to be beneficial in treating the full array of symptoms often present with EIMD.
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also explored the general characteristics of FR relating to force application and perceived

pain during five different lower body FR exercises.

3.3 METHODS:

3.3.1 SUBJECTS:

Twenty physically active resistance trained male subjects volunteered for the
study. All subjects regularly resistance trained 3+ times a week (1RM squat: 129.2 4 26.7
kg, IRM as % bodyweight: 152.2 + 24.5%). Subjects were randomly assigned to an
experimental “foam rolling” (FR) (n=10, height: 180.9 + 5.5 cm, weight: 82.4 + 9.4 kg,
age: 25.1 £ 3.6 yrs., IRM squat: 130.0 = 20.6 kg) or “control” (CON) (n=10, height:
179.4 + 4.0 cm, weight: 86.9 + 8.6 kg, age: 24.0 £ 2.8 yrs., IRM squat: 128.4 + 32.9 kg)
group. Written informed consent was obtained from all subjects. The Memorial

University of Newfoundland Human Investigation Committee approved the study.

3.3.2 EXPERIMENTAL DESIGN:

All subjects were required to participate in 5 testing sessions, all occurring at the
same time of day for each participant. The organization of the 5 testing sessions was: [1]
Orientation & 1 repetition maximum (1RM) testing, [2] pre-test measurements (PRE), 10
x 10 squat protocol, post-test 0 (POST-0), [3] post-test 24 (POST-24), [4] post-test 48
(POST-48), and [5] post-test 72 (POST-72) hours. All testing sessions were separated by
24 ours, except sessions 1 and 2, which were separated by at least 96 hours, to ensure

that subjects had recovered from the 1RM protocol.
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(-39%, >99%, large), potentiated twitch force (-41%, >99%, large), VI (-13%, >99%,
large), MVC force (-24%, >99%, large), muscle activation (-9%, >99%, large), and iIEMG
(-14%, 96%, small). EMD (-6%, 95%, moderate) and “2RT (-22%, >99%, moderate) were
the only two dependent measures to show improvements immediately following the

DOMS protocol (FIGURE 3.7.2).

3.4.2 THIGH GIRTH:

TG, with PRE measurements of, FR: 58.3 £ 2.7 cm and CON: 59.1 £4.2 cm,
showed no substantial between group differences at: POST-24 (FR: 1%, CON: 1%, 0.03
+£0.31 cm, FR: % A4 CON: % A, Mean Difference = 95% CI), POST-48 (FR: 3%, CON:
3%, 0.03 £ 0.65 cm), and POST-72 (FR: -1%, CON: -2%, 0.03 £ 0.51 c¢m) with all time
points showing “unclear” results regarding whether FR is beneficial or detrimental due to
trivial effect sizes (POST-24: -0.09 « 0.96, POST-48: -0.04 + 0.96, POST-72: -0.06 +

0.97. d + 95% CI).

3.4.3 MUSCLE SORENESS:

Muscle soreness, recorded prior to each testing session, with PRE measurements
of, FR: 0.7 £ 1.0 points and CON: 0.7 + 1.1 points, showed substantial between group
differences at: POST-24 (FR: 543%, CON: 714%, % A) with FR (85%, % likelilhood)
having a substantial effect in reducing muscle soreness, demonstrating a “moderate”
effect size, POST-48 (FR: 414%, CON: 807%), and POST-72 (FR: 243%, CON: 607%)
with FR (48hrs: 98%, 72hrs: 97%) having a substantial effect in reducing muscle
soreness, demonstrating a “large” effect size, based on NRS measurements (FIGURE

3.7.3).
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3.4.4 RANGE OF MOTION:
Quadriceps passive ROM (QP-ROM) PRE measurements were, FR: 59.0 + 12.8°

and CON: 64.7 + 14.6°. QP-ROM showed no substantial between group differences at

POST-24 (FR: 8%, CON: 5%), but showed substantial differences at POST-48 (FR: 11%.

CON: 0%) and POST-72 (FR: 13%, CON: 4%) with FR increasing QP-ROM,
demonstrating a “moderate” effect size (TABLE 3.8.1).

Hamstrings passive ROM (HP-ROM) PRE measurements were, FR: 111.2 £ 6.9°
and CON: 103.8 + 14.8°. HP-ROM showed no substantial between group differences at
POST-24 (FR: -1%, CON: -3%) and POST-48 (FR: 0%, CON: 0%), but showed
substantial differences at POST-72 (FR: 3%, CON: 0%) with FR increasing HP-ROM,
demonstrating a “moderate” effect size (TABLE 3.8.1).

Hamstring dynamic ROM (HD-ROM), with PRE measurements of FR: 105.5 +
6.2° and CON: 98.0 + 11.3° showed substantial between' group differences at POST-24
(FR: 0%, CON: -4%) with FR increasing HD-ROM, demonstrating a “moderate” effect
size, but showed no substantial differences at POST-48 (FR: 0%, CON: -3%) and POST-

72 (FR: 1%, CON: -1%) (TABLE 3.8.1).

3.4.5 EVOKED CONTRACTILE PROPERTIES:

Twitch force (TF), with PRE measurements of FR: 153.4 + 34.8 N and CON:
135.7 + 27.8 N showed substantial between group differences at: POST-24 (FR: -14%,
CON: -5.%), POST-48 (FR: -9%, CON: 8%), and POST-72 (FR: -10%, CON: -3%) with
FR reducing TF, demonstrating a “moderate”, “large”, and “moderate” effect size.

respectively (TABLE 3.8.2).
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Electromechanical delay (EMD) PRE measurements were FR: 46.1 = 4.7 ms, and
CON: 46.4 + 4.4 ms. EMD showed substantial between group differences at POST-24
(FR: -2%, CON: 7%) and POST-48 (FR: -1%, CON: 6%) with FR shortening EMD
duration, demonstrating a “moderate” effect size, but showed no substantial differences at
POST-72 (FR: 2%, CON: -2%) (TABLE 3.8.2).

Rate of force development (RFD), with PRE measurements of FR: 1852.6 + 478.8
Nes! and CON: 1488.5 + 460.5 Nes™' showed substantial between group differences at
POST-24 (FR: -23%, CON: 5%) and POST-48 (FR: -17%, CON: 15%) with FR reducing
RFD, demonstrating a “large” effect size, but showed no substantial differences at POST-
72 (FR: -10%, CON: -4%) (TABLE 3.8.2).

Half relaxation time (*2RT) PRE measurements were FR: 68.4 + 21.0 ms and
CON: 64.6 + 20.8 ms. 2RT showed no substantial between group differences at POST-24
(FR: 9%, CON: 1%), POST-48 (FR: 7%, CON: -5%), and POST-72 (FR: 6%, CON: -3%)
(TABLE 3.8.2).

Potentiated twitch force (PTF), with PRE measurements of FR: 223.2 +31.4 N
and CON: 183.6 + 31.8 N showed no substantial differences at POST-24 (FR: -7%, CON:
-6%), but showed substantial between group differences at POST-48 (FR: -5%, CON:
9%) and POST-72 (FR: -6%, CON: 1%) with FR decreasing PTF, demonstrating a

“large” and “moderate effect size at POST-48 and POST-72, respectively (TABLE 3.8.2).

3.4.6 VOLUNTARY CONTRACTILE PROPERTIES:
Maximal voluntary contractile force (MVC force), with PRE measurements of,

FR: 761.4 £ 126.3 N and CON: 621.9 + 100.9 N, showed no substantial between group
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3.4.8 FOAM ROLLING FORCE:

Foam roller force (FR-force) averaged between 28-46 kg or 35-55% of the
subjects’ body weight at POST-0, 26-44 kg or 32-53% of the subjects’ body weight at
POST-24 and 26-44 kg or 32-53% of the subjects’ body weight at POST-48 (TABLE
3.83 & 3.8.4).

FR-force showed substantial time differences between POST-0 and POST-24 for
the anterior (-10%, moderate, % A, effect size), lateral (-15%, large), medial (-7%,
small), and gluteals (-8%, moderate) foam rolling exercises, with no substantial
differences for the posterior (2%, trivial) exercise (TABLE 3.8.3A).

FR-force showed no substantial between time differences between POST-24 and
POST-48 for the anterior (-6%, small), lateral (-1%, trivial), posterior (0%, trivial),

medial (-2%, trivial), and gluteals (2%, trivial) foam rolling exercises (TABLE 3.8.3B).

3.4.9 FOAM ROLLING PAIN:

Foam roller perceived pain (FR-pain) ranged between 2.5-7.5 pts. at POST-0, 3-
7.5 pts. at POST-24, and 2.5-6.5pts. at POST-48 on the NRS for the five different FR
exercises (TABLE 3.8.3).

FR-pain showed substantial time differences between POST-0 and POST-24 for
the medial (19%, moderate), and gluteals (24%, moderate) foam rolling exercises, with no
substantial differences for the anterior (5%, small), lateral (2%, trivial), and posterior
(11%, small) exercises (TABLE 3.8.3A).

FR-pain showed substantial time differences between POST-24 and POST-48 for

the anterior (-16%, moderate), lateral (-12%, moderate), medial (-8%, small), and gluteals
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(-15%, small) foam rolling exercises, with no substantial differences for the posterior

(10%. small) (TABLE 3.8.3B).

3.5 DISCUSSION:

Pearcey et al. (32) is the only research article to analyze the effects of foam
rolling on recovery from EIMD resulting in DOMS. No research to date has examined the
potential physiological mechanisms regarding the recovery benefits seen with foam
rolling that have been outlined in previous literature (32). The most important findings of
the present study were that FR was beneficial in improving dynamic movement, percent
muscle activation, and both passive and dynamic ROM in comparison to the CON group.
while attenuating muscle soreness, although no benefits were seen at the muscular level

when 1t was isolated.

3.5.1 EIMD PROTOCOL:

Similar to previous EIMD related studies (19, 34), substantial muscular fatigue
and damage was inflicted by the EIMD protocol resulting in a substantial increase in
thigh girth along with substantial decrements in: QP-ROM, TF, RFD, PTF, vertical jump
height, MV C force, muscle activation, and iEMG. Only two muscle properties showed
improvements immediately post-exercise, with a reduction in the duration of EMD and

72RT.
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3.5.2 MUSCLE SORENESS: (DOMS)

In the FR group, muscle soreness peaked at POST-24, whereas the CON group
peaked at POST-48. Results are parallel to Smith et al. (35), findings comparing a
massage intervention group to a control group. The massage group reported peak muscle
soreness at POST-24, whereas the control group peaked at POST-48. In the present study,
substantially higher muscle soreness readings were recorded at all time points (pts.) for
the CON group, showing the effectiveness of FR in reducing muscle soreness. Reductions
in muscle soreness readings can be further supported by the force plate data collected
from the FR exercise protocol (Table 4B) at POST-24 and POST-48. While the FR group
showed no substantial changes in FR-force between POST-24 (26-44 kg) and POST-48
(26-44 kg) for all five foam roller exercises, substantial decreases in FR-pain (POST-24:
3-7.5 pts. and POST-48: 2.5-6.5 pts.) were seen while performing four out of the five
exercises. This finding further supports that muscle soreness peaked at POST-24 for the
FR group, and then began to return to baseline levels. The improved recovery rate in
muscle soreness in the FR group signifies that FR is an effective tool to treat DOMS.

DOMS has been attributed to both muscle (8, 12, 29, 36) and connective (17,
23, 28, 36) tissue damage. Although DOMS is associated with muscle cell damage, it is
unlikely that DOMS is the direct result of muscle cell damage (36) as muscle enzyme
efflux and myofibrillar damage are not correlated with the actual sensation of muscle
soreness (10, 23). It has been postulated that DOMS may be the result of connective
tissue damage more so than muscle damage. Connolly et al. (12) stated that pain and

stiffness may be more related to the inflammatory response (13), as a result of cells and
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fluid moving into the interstitial spaces rather than the actual muscle damage incurred.

This can be supported by Mills et al. (28), who demonstrated the presence of muscle
damage without the presence of muscle soreness, as well as the presence of muscle
soreness without muscle damage. Jones et al. (23) suggested that changes in connective
tissue properties to be the main cause of DOMS, with the myotendinous junction being
the predominant area of soreness (24). Previous studies have reported connective tissue
breakdown following eccentric exercise (1, 24), with damaged connective tissue
stimulating mechanically sensitive receptors, giving rise to pain when stretched or pressed
(23). This finding suggests that the benefits of foam rolling may be more predominant for

the treatment of connective tissue rather than muscle tissue damage.

3.5.3 EVOKED CONTRACTILE PROPERTIES:

Evidence that foam rolling has a greater effect on connective tissue rather than
muscle can be further strengthened by the greater decrement in evoked contractile
properties with FR vs. CON. Decrements in TF, PTF, and RFD in the FR group may be a
result of increased muscle damage from the foam rolling protocol. Callaghan (8) showed
that after a vigorous massage protocol, an increase in lactate dehydrogenase and creatine
kinase was reported, both being markers of muscle damage. Zainuddin et al. (40) and
Crane et al. (13) both showed that massage was effective in alleviating DOMS, although
Zainuddin et al. (40) found that massage had no effect on muscle function. The present
findings suggest that although foam rolling may be beneficial in treating connective tissue

damage, minor damage to muscle tissue may incur. Whether this is beneficial for the
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(40). It is interesting to note that there was no substantial between group differences in

MVC force even though the FR group showed substantial decrements in TF,
demonstrating greater damage within the muscle (19). Although muscle fibers produced
less force (as seen through TF measurement) in the FR group, most likely a result of
greater individual muscle fibers damage (29), the subjects’ ability to activate a greater
number of muscle fibers (as seen through VA measurements) may have acted to

counterbalance the decrement in force production per fiber (34).

3.5.5 RANGE OF MOTION:

FR was beneficial in improving both passive and dynamic ROM in comparison to
the CON group. IR increased passive ROM (QP-ROM and HP-ROM) and maintained
dynamic ROM (HD-ROM) in relation to PRE measures (TABLE 1). EIMD research (23,
34) attributes a loss in ROM to the shortening of non-contractile elements. Previously
published research from our laboratory demonstrates that the application of FR increases
ROM (25). Improved ROM was attributed to FR acting in a similar fashion to myofascial
release techniques, potentially: reducing muscle soreness, decreasing inflammation,
and/or reducing adhesions between layers of fascia (3, 15). Muscular manipulation has
been shown to promote active blood flow and move interstitial fluid back into circulation,

reducing inflammation and muscle soreness (8, 13).

3.5.6 VERTICAL JUMP HEIGHT:
Vertical jump performance incorporates all three (muscle, CNS, ROM) of the

major properties analyzed in the present study. Similar to Pearcey et al. (32) findings, the
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FR group showed substantial benefits in comparison to the CON group when assessing

dynamic performance at POST-24 and POST-48. Willems et al. (39) and Mancinelli et al.
(26) research supports these findings, with massage shown to improve vertical jump
height at 48 hours post exercise by 3% and 4.5%, respectively. Farr et al. (18) contradicts
the present findings showing decrements in vertical jump height at POST-24 in the
massage group, although there were no differences between the massage and control
limb. It must be noted that Willems et al. (39) and Farr et al. (18) vertical jump tests
consisted of 1-legged vertical jumps, with the contralateral leg acting as the control. Since
evoked contractile properties are not improved by FR, FR likely acts by reducing neural
inhibition (12, 34) due to accelerated recovery of the connective tissue, as a result of
decreased inflammation and increased mitochondria biogenesis (13), decreasing
nociceptor activation (17), allowing for better communication from atferent receptors in
the connective tissue (34). Better communication with afferent receptors, may possibly
allow for the maintenance of natural muscle sequencing and recruitment patterns (34)

maintaining vertical jump height.

3.6 CONCLUSION:
From the present findings, it is speculated that FR provides recovery benefits
primarily through the treatment of connective tissue. As the present evidence is indirect,

further research should be conducted.
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The FR group displayed substantially less pain at all time points in comparison to

the CON group. Since connective tissue (i.e. myotendinous junction) is the major site of
EIMD disruption and pain (17, 23, 24, 36), FR can be considered to be beneficial in the
recovery of connective tissue. Crane et al. (13) research supports this finding, reporting
that massage decreased pain and inflammation, potentially by promoting blood flow to
areas of low blood flow, such as the muscle tendon interface. The FR group recorded
substantially less muscle soreness, while having substantially greater decrements in
evoked contractile properties, ruling out improved muscle recovery as the determining
factor. The reduction in pain with FR may have been an influential factor for the
maintenance of muscle activation (i.e. less neural inhibition) (12, 34). When analyzing
dynamic movements (vertical jump height, HD-ROM) or EMD, all heavily involving the
series elastic components, FR proved to be beneficial. When comparing isometric (MVC
Force) versus dynamic contraction (vertical jump height) results in the FR group, the
greatest benefits from FR were displayed in the dynamic movement. It must be
emphasized that the majority of benefits seen with FR following EIMD are the result of
FR maintaining rather than an improving PRE measures (VA, EMD, HD-ROM, vertical

jump height), where the CON group incurred substantial decrements.
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3.7 FIGURES:
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FIGURE 3.7.1: METHODOLOGY

Flow chart displays methodology along with the dependent variables assessed each

time test measurements were taken.
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FIGURE 3.7.2: CHANGES INDUCED BY EIMD PROTOCOL

60.01 A

40.01

20.0

*  QP- HP- HD-
ROM ROM ROM TF EMD RFD %RT PTF V] MVC VA iEMG

e

FIGURE 3.7.2A:

CHANGE FROM PRE VALUE (%)

o

TG: Thigh Girth, QPR: Quadriceps Passive ROM, HPR: Hamstrings Passive ROM,
HDR: Hamstrings Dynamic ROM, TF: Twitch Force, EMD: Electromechanical Delay,
RFD: Rate of Force Development, %:RT: Half-Relaxation Time, PTF: Potentiated
Twitch Force, VJ: Vertical Jump, MVC: Maximal Voluntary Contractile Force, MA:
Muscle Activation, iEMG: Integrated Electromyography.

The y-axis displays % A from pre-test measurements. The x-axis displays the
dependent variables. Asterisks (*) indicate conditions with substantial change (>75%

likelihood that the difference exceeds the smallest worthwhile difference).
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FIGURE 3.7.2B:

Graph plots standardized effect size differences between CON and FR groups. Plots
represent the magnitude of difference between the two groups. Error bars indicate 95%
confidence limits of the mean difference between groups. The shaded area of the graph
indicates the region in which the difference between groups is trivial (i.e. between -0.20

and 0.20 standardized effect sizes).
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FIGURE 3.7.3: MUSCLE SORENESS
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FIGURE 3.7.3A:

e y-axis displays muscle soreness based on the NRS. The x-axis displays pre-test and
post-test measurements for the 4 different time points. Asterisks (*) indicate conditions

with substantial change (>75% likelihood).
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3.8 TABLES:

TABLE 3.8.1: ROM

Measurement Time % Likelihood N Mean Diff  Lower 95% CL Upper 95% CL d Lower d Upperd
POST-24 UNCLEAR 13 -6.18 8.78 0.17 -0.79 11
QP-ROM (°)  POST-48 90 T 6.6 -0.96 14.16 0.77 -0.11 1.66
POST-72 79 ™ 4.95 -3.24 13.14 0.56 -0.37 1.48
POST-24 60 T 1.5 -3.07 6.08 0.31 -0.6 1.27
HP-ROM (°) POST-48 UNCLEAR 0.04 -4.8 4.71 -0.01 -0.97 0.96
POST-72 83 ™ 34 -1.62 8.42 0.62 -0.3 153
POST-24 79 ™ 39 -2.43 10.22 0.57 -04 1.49
HD-ROM(°)  POST-48 65 T 3.03 -4.68 10.75 0.37 -0.58 1.32
POST-72 66 ™ 2.75 -3.96 9.46 0.39 -0.56 1.33

QP-ROM: Quadriceps Passive ROM, HP-ROM: Hamstrings Passive ROM, HD-ROM: Hamstrings Dynamic ROM.

Table displays between group differences regarding percentage likelihood that the FR intervention had an effect on the

recovery of the dependent variable, whether FR caused: an increase (1), a decrease (|), or an unclear change (UNCLEAR) in the

dependent variable, the mean differences (Mean Diff) between CON and FR groups, and standardized eftect size (d). 95%

confidence limits are displayed for both mean difference and effect size. Bold numbers (% likelihood) indicate conditions with

substantial change (>75% likelihood).
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TABLE 3.8.2: CONTRACTILE PROPERTIES

Measurement Time % Likelihood /1 Mean Diff Lower 95% CL Upper 95% CL d Lowerd Upper d
POST-24 74 ™ 2.38 -2.14 6.9 0.49 -0.4 1.43
VJ (cm) POST-48 92 T 2.8 -0.22 5.82 0.81 -0.06 1.69
POST-72 UNCLEAR 0.1 -2.82 2.62 -0.04 -1 0.93
POST-24 UNCLEAR 8.15 -62.66 78.96 0.11 -0.9 1.12
MVC force (N) POST-48 UNCLEAR 9.3 -93.24 74.64 -0.11 -1.07 0.86
POST-72 UNCLEAR 11.32 -86.05 63.41 -0.15 -1.11 0.82
POST-24 88 T 2.88 -0.76 6.52 0.71 -0.2 1.61
VA (%) POST-48 97 T 5.34 0.89 9.79 1 0.17 1.83
POST-72 79 ™ 2.62 -1.63 6.87 0.57 -0.35 1.49
POST-24 53 T 0.02 -0.07 0.12 0.23 -0.72 1.19
iEMG (mV/s) POST-48 53 N% 0.02 -0.12 0.07 -0.23 -1.19 0.72
POST-72 62 N 0.05 -0.19 0.09 -0.33 -1.29 0.62
POST-24 88 NP 15.03 -33.59 3.53 -0.73 -1.6 0.17
TF (N) POST-48 98 N 25.6 -46.08 5.13 -1.03 -1.85 -0.21
POST-72 86 % 11.68 -27.01 3.64 -0.69 -1.59 0.21
POST-24 85 N2 4.4 -1.63 10.43 0.66 -0.25 1.66
EMD (ms) POST-48 75 N2 3.05 -2.63 8.73 0.5 -0.43 1.43
POST-72 58 ™ 1.7 -7.23 3.83 -0.29 -1.25 0.66
POST-24 >99 N% 489.84 -700.7 -279 -1.47 -2.1 -0.84
RFD (Nes-1) POST-48 >99 N2 544.7 -839.6 -249.8 -1.32 -2.03 -0.6
POST-72 59 NS 125.84 -523.4 271.7 -0.3 -1.26 0.65
POST-24 61 T 5.2 -9.92 20.32 -0.33 -1.28 0.6
YRT (ms) POST-48 67 T 7.75 -10.5 26 -0.4 -1.35 0.54
POST-72 59 T 6.05 -12.58 24.68 -0.31 -1.26 0.64
POST-24 UNCLEAR 5.85 -38.14 26.44 0.17 -1.1 0.79
PTF (N) POST-48 92 NV 26.17 -54.82 2.47 0.8 -1.68 0.08
POST-72 84 NS 15.7 -37.6 6.21 0.65 -1.56 0.26
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VJ: Vertical Jump, MVC Force: Maximal Voluntary Contractile Force, VA: Muscle Activation, iEMG: Integrated
Electromyography, TF: Twitch Force, EMD: Electromechanical Delay, RFD: Rate of Force Development, 4RT: Half-

Relaxation Time, PTF: Potentiated Twitch Force. Please reference TABLE 3.8.1 description.
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TABLE 3.8.3: FOAM ROLLING PROPERTIES

TABLE 3.8.3A: POST-0 to POST-24

Exercise Measurement | % Likelihood J /=/1 Mean Diff Lower 95% CL Upper 95% CL d Lowerd Upper d
Anterior | FR-force (kg) >99 N} 4.29 -6.2 -2.83 -0.56 -0.81 -0.31
FR-pain 63 ™ 0.27 -0.11 0.66 0.26 -0.11 0.63
Latera  FR7fOrce (kg) >99 N} 6.39 8.23 -4.55 -1.04 -1.33 -0.74
FR-pain 73 = 0.14 -0.19 0.47 0.11 -0.16 0.38
posterior  FR-force (kg) 78 = 0.82 -1.13 2.77 0.10 -0.14 0.35
FR-pain 59 0 0.3 -0.12 0.72 0.24 -0.09 0.57
Medial FR force (kg) 96 NK 2.13 -3.33 -0.93 -0.41 -0.64 -0.18
FR-pain 99 0 0.84 0.3 1.37 0.70 0.26 1.15
Gluteals TR force (ke) >99 1 3.63 4.98 2.28 -0.44 061 0.28
FR-pain 98 ™ 0.9 0.37 1.43 0.56 0.23 0.90
TABLE 3.8.3B: POST-24 to POST-48
Exercise Measurement | % Likelihood /=/1 Mean Diff Lower 95% CL Upper 95% CL d Lowerd Upper d
. FR-force (kg) 67 1 2.01 -3.65 -0.37 -0.25 -0.45 -0.04
Anterior A
FR-pain >99 J 1.01 0.51 1.51 -0.64 -0.96 -0.32
Latera  FR7fOrce (kg) 94 = 0.51 -1.68 0.66 -0.07 -0.24 0.09
FR-pain >99 NV 0.89 0.54 1.23 -0.54 -0.74 -0.33
Posterior FR-force (kg) 97 = 0.07 -15 1.36 -0.01 -0.19 0.17
FR-pain 60 N 0.3 0.04 0.56 -0.22 -0.42 -0.03
Vedial  FRTOrCe (ke) 95 = 0.44 -1.12 0.24 -0.09 0.22 0.05
FR-pain 86 J 0.45 0.12 0.78 -0.34 -0.58 -0.09
Gluteals FR force (kg) 94 = 0.67 -0.57 1.91 0.08 -0.07 0.23
FR-pain 97 N 0.69 0.36 1.02 -0.38 -0.56 -0.20

Anterior: Quadriceps, Lateral: Iliotibial Band, Posterior: Hamstrings, Medial: Adductors, Gluteals: Gluteeals.

Referring to the muscles/area targeted for each foam rolling exercise.
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TABLE 3.8.4: FOAM ROLLER FORCE

POST-0 POST-24 POST-48
Exercise Mean (% BW) | Mean (kg) SD (kg) Mean (% BW) | Mean (kg) | SD (kg) Mean (% BW) | Mean (kg) SD (kg)
Anterior 52 42.34 6.99 47 38.05 | 7.62 44 36.05 8.19
Lateral 53 43.30 5.70 46 36.91 6.17 45 36.40 7.10
Posterior 52 42.39 7.58 53 43.22 7.97 53 43.15 7.99
Medial 35 28.72 4.78 32 26.59 5.17 32 26.15 5.01
Gluteals 55 45 .39 8.20 51 41.76 | 8.21 52 42.43 8.27

Table displays FR-force for all five FR exercises. FR-force is displayed as the average force placed on the foam roller for

each exercise. FR-force is displayed as a percentage of bodyweight (% BW) and kilograms (kg) of force.
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