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Abstract
The evolution of elite sport has increased the number of fixtures and competitions athletes complete,
thus requiring the development of strategies to improve recovery and performance. One such
strategy is the application of compression garments. Research examining the effects of compression
garments on blood flow and muscle oxygenation are equivocal, suggesting that further research and
new methods are needed to enhance understanding. A limitation in the current literature has been
the examination of standardised (‘off the shelf”) garments and their effects in sporting and recovery
settings. A standardised garment does not take into consideration individuals’ limb geometry, which
has an influence on the amount of compression pressure applied, potentially limiting physiological
responses. Therefore, the purpose of this thesis was to explore muscle oxygenation responses when

wearing different types of bespoke compression garments.

The use of Near-infrared Spectroscopy (NIRS) to measure muscle oxygenation has been shown to
be reliable. However, there has been minimal research to date that has assessed reliability measures
of NIRS when wearing compression. Chapter 4 outlines the use of a Near-infrared Spectroscopy to
be a reliable method to assess Tissue Saturation (TSI), oxyhaemoglobin (O2Hb) and
deoxyhaemoglobin (HHb) concentration changes in the gastrocnemius and the vastus lateralis.
Participants undertook 20 minutes of laying down, seating, walking, jogging and seating across four
trials (2 control, with no garment applied and 2 with bespoke compression tights). Compression
ranged from 5.6 - 13 mmHg in the compression tights. There were no differences observed between
O2Hb and HHb responses in control and compression tights trials (P>0.05). Tissue saturation
demonstrated moderate to good reliability (1- 4.5% CV) in both control and compression tights trials
in the gastrocnemius and vastus lateralis. Coefficient of variation for oxyhaemoglobin concentration
changes from the baseline ranged from 0.6 - 8.8% in the gastrocnemius and the vastus lateralis in

both control and compression tights trials. ICC values for oxyhaemoglobin responses ranged from



0.35-0.89 in the gastrocnemius and vastus lateralis in control and compression tights trials
respectively. Deoxyhaemoglobin reliability varied from moderate to good reliability (ICC: 0.41 to
0.93: CV: 0.61 to 9.9%) across both control and compression tights trials in the gastrocnemius and
vastus lateralis muscle. Systematic bias was -25.0 to 11.7 AuM across both control and compression
tights trials in both gastrocnemius and vastus lateralis muscles. Chapter 4 concludes that NIRS
assessment provides reliable values when assessing oxygenation changes with the application of

compression garments and without.

The purpose of Chapter 5 was to provide insight into the effects of compression socks and bespoke
compression tights on muscle oxygenation responses. The experimental protocol consisted of 20
minutes of the following activities: supine, seating, walking, jogging and seating. Compression
profile ranged from 15.5- 22.3 mmHg in the compression socks trials. Chapter 5 data demonstrated
that bespoke compression tights (3.2 + 10.5 AuM) increased O2Hb concentration changes in the
vastus lateralis in the laying supine position (P=0.04). HHb increased when compression tights were
applied in the walking stage (2.8 + 13.5 AuM) at the gastrocnemius muscle (P=0.03) and in the
seating (0.75 + 5.3 AuM) position in the vastus lateralis (P=0.03). Tissue saturation reduced in both
gastrocnemius (72.2 + 6.7%) and vastus lateralis (72.7 + 4.3%) muscles when compression tights
were applied during the walking stage (P<0.05). Compression tights (ranging 3.8 to 6.5 AuM) were
favoured to improve oxyhaemoglobin responses more in comparison to use of compression socks

(-0.7 to 3.8 AuM) across the protocol.

The objective of Chapter 6 was to design new bespoke compression and assess perceived comfort
levels prior to engaging in stationary positions such as laying down, 75° head up tilt and standing.
The awareness of participant comfort levels when wearing compression is of key importance

especially if athletes need to wear them for prolonged periods of time. Graduated, uniform and



reverse graduated compression tights were produced and perceived comfort assessed. A visual
analogue scale was used to assess comfort, ankle fitting, knee fitting and compression. The reverse
(4.1£2.8 cm) graduated was the least favoured design in comfort, this could be put down to lack of
familiarity as no one has worn a garment of this design prior. Graduated (11.6+1.7 cm) and uniform

(9.4£3.2 cm) provided acceptable comfort ratings across different phases of the protocol.

The aim of Chapter 7 was to build on Chapter 5 and provide more insight into the effects of bespoke
compression tights and their influence on oxygenation during stationary activities. In this study, a
range of new bespoke compression tights were manufactured with a purpose to provide a different
type of compression profile. Graduated, reverse graduated, uniform and control compression
garments were used across 5 visits, (further details on objective for each profile can be found in the
methods section). Ten, healthy active males (age 28.443.6 years and body mass 81.3+11.2 kg; mean
+ SD) completed 5 trials across a 30-day period. Participants undertook 3 stationary (decubitus, 75
° Head up Tilt and standing) activities for approximately 20-45 minutes. Reverse (71.5 £ 7.6 %)
graduated compression garment provided the highest amount of tissue saturation in the standing
position in the gastrocnemius, in comparison to the use of no garment (63.3 + 8.6%) and the other
garment trials (P<0.05). The higher levels of compression on the upper extremity of the leg, could
have had an influence in improving the amount of oxygen in the gastrocnemius, further research in
an exercise specific setting is warranted to understand this mechanism. HHb responses were highest
in the graduated profile (10.2+7.0 AuM) in the gastrocnemius, this was observed in the tilt position
and was higher in comparison to the rest of the trials (P<0.05). The graduated (4.4 + 3.4 AuM)
compression profile also provided an increase in HHb in the vastus lateralis in the tilt position in

contrast to the use of the control (-4.8 £ 4.7 AuM) garment (P<0.05).



Overall, the thesis provides an indicator that made to measure compression garments can influence
muscle oxygenation responses. It is also apparent that a graduated profile can influence oxygenation
responses in both gastrocnemius and vastus lateralis. Further research should begin to expand on
this work and begin to investigate the influence of made to measure compression on exercise and

recovery specific protocols.
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Chapter 1: General Introduction.
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1.1 Introduction

The use of compression garments has predominately originated from the medical profession where they
are used to help/prevent vascular issues in the body (Figure 1.1). Compression therapy benefits the
healing process in patients that have leg ulcers in comparison to patients who did not have any
compression (O’Meara et al., 2010; Nelson and Bell-Syer 2014; Partsch 2013).Compression socks were
first invented in 1950 by a German engineer called Conrad Jobset and were the first type of garment to
be manufactured. Compression garments moved into the sporting domain in around the 1980s where
athletes began to use them to aid the recovery process. Today, compression garments have become
widely established and utilised across all levels of sport. Increased participation in sport has led to
athletes looking for modalities to enhance performance and recovery. Franke et al. (2021) in a cross
sectional study identified that approximately 47.5 % (n=246) of athletes use compression garments
because they perceive they will help them reduce injury. It is clear that compression garments are
favorable with athletes due to the popular perceived benefits on performance, recovery, and injury

prevention.
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ﬁ (<) Improve  blood
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™5 °
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Figure 1.1. Visual diagram of how compression is used to treat potential vascular impairments

within the medical field.



Research has demonstrated that the effectiveness of compression garments to aid sports performance is
equivocal (Higgins et al., 2009). Higgins et al. (2009) observed no effects of different types of garments
on performance metrics (sprinting and jumping), however there were slight improvements shown in
sprinting performance. Improvements in jumping and cycling performance have been observed with
the application of compression garments (Kraemer et al., 1998; Driller and Halson, 2013). However the
full effectiveness of the garments in recovery have yet to be fully assessed, (Pruscino et al., 2013). Due
to the popularity of compression, there has been extensive development of different types of garments,
meaning further research is needed to assess the different types of compression garments and their
possible effects in recovery and performance (Bottaro et al., 2011). Manufacturers in the sporting
industry claim for compression garments to enhance recovery and improve performance, however
scientifically these statements have yet to be fully accepted. There are a variety of garments on the

market. Compression socks and compression tights are the most popular.

A key limitation of the research is that it is difficult to assess the effectiveness of the compression
garments when they aren't assessed for the amount of pressure exerted onto the muscle site. Different
interface pressures have been attributed with different responses in blood flow and oxygenation, thus
impacting the overall effect during and after performance, (Daschombe et al., 2011). Some research has
demonstrated no effects on cycling performance but again, varied interface pressures were
demonstrated with the garments, thus emphasizing a greater need to assess interface pressure during

compression research (Scanlan et al., 2008; Burden and Glaister 2011).

Research has outlined some musculoskeletal benefits when wearing compression. Wang et al. (2013)
found that compression wear reduced muscle activation in the rectus femoris and the gastrocnemius
during running performance. The implications suggest that muscle activation during performance

focuses on quality instead of quantity with respect to muscle force production. Quantifying muscle



activation is of key relevance to the influence of performance and reducing any onset of fatigue. Muscle
oscillation has been shown to reduce with the application of compression tights (Valle et al., 2013;
Wang et al., 2013). The reduction in muscle oscillation suggests that a reduction in vibration at skeletal
muscle tissue level could have implications for performance and muscle oxygenation. Broatch et al.
(2018) assessed cycling performance through the use of Near Infrared Spectroscopy to indicate
improvements in blood flow within the vastus lateralis with the use of standardised compression
garments. Due to wide range of garments available, lack of rigor in study design, there is a need for

further research examining the effects of compression garments on muscle oxygenation and blood flow.

1.2. Popularity of wearing Compression

The use of compression within sport has become ever popular within the past 10 years. Both team and
individual sports have seen athletes use varied types of compression in attempt to aid performance and
recovery. A recent study by Franke et al. (2021) outlined the popularity of compression garments by
administering a questionnaire to 512 athletes. Interestingly the use of compression for athletes was to
aid with injury prevention and perceptual benefits within performance and recovery. Compression has
been predominately used for endurance based athletes such as runners. However athletes from the NBA
have begun to wear compression sleeves due to the perceived effects in improving technical tasks such
as shooting, although there is minimal research to support this hypothesis. Figure 1.2 observes the
different types of compression garments that are available and the influences on physiological

responses.
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Chapter 2: Review of Literature

2.1. Introduction

This chapter outlines the key benefits of compression garments and how they can play a role in
sports performance and recovery. The chapter will also discuss variables that influence the
effectiveness of compression garments and in particularly how the research outlines the
effectiveness. The chapter will introduce muscle oxygenation and how Near-infrared spectroscopy
can be used to assess concentration changes of haemoglobin in skeletal muscle tissue. The chapter
will also use review of literature tables to draw trends in the research surrounding the use of

compression and alterations in muscle oxygenation.

2.2. Compression Garments

There are a wide range of different types of compression garments that are available on the market.
Different types of compression garments will have different contrasting responses that can influence
the athletes desire to wear them. For example NBA athletes currently favour wearing compression

sleeves as it is perceived that they can help them execute shots (Kraemer et al., 1996).

The introduction of compression garments stems from the medical world and its application with
vascular impaired patients (Duffield and Portus, 2007). Ancient Egyptians were known to use
bandaging and compress on injured wounds to help within the healing process (Bhattacharya, 2012).
The application to the sports industry has arisen in the past decade with more athletes looking for
different modalities to assist with recovery and performance. There has been widespread
contradictory information that has highlighted varied responses in performance and recovery when
wearing compression garments (Jimenez et al., 2016). Different types of compression, include

compression tights, compression socks, compression sleeves and compression shorts. The theory



for using compression suggests that there is an increased presence in venous blood velocity, which

could improve hemodynamics for performance and recovery (MacRae et al., 2011).

Compression tights which exerted a pressure of 23-24 mmHg at the calf reduced venous pooling in
both supine and standing positions (Bringard et al., 2006). Contradicting to that, other evidence
suggests that blood flow is increased in the venous system and increases in arterial inflow have been
demonstrated (Ibegbuna et al., 2003; Agu et al., 2004). However the subjects that participated in
the study already had disorders relating cardiovascular efficiency. A decrease in venous diameter
and volume as well as increasing venous flow velocity have been observed as an effect of the
compression (Ibegbuna et al., 1997; Parsch and Parsch, 2005). The purpose to this research will be
to assess any particular changes in oxygenation as some studies have shown positive effects in

upright positions (Mayberry et al., 1991; Lord and Hamilton, 2004).

2.3. Graduated Compression Tights

Graduated compression tights (GCT) have been used in the medical industry to aid with circulation
post surgery (Brophy-Williams et al., 2015; Weller et al., 2010). The alignment of compression is
organised where higher levels originate from the ankle and then decreasing pressure subsequently
follows up towards the greater trochanter. A graduated compression profile is the most standard
method of compression and is commonly used in the research (Rugg and Sternlicht, 2013; Hetchen,
2019; Perez-Soriano et al., 2019). Research has suggested that this method of compression is the
best approach to gain the most physiological benefits, this is due to the compression increasing

blood flow up the limb enabling a quicker return of blood to the heart (Brophy-Williams et al., 2015:



Lawrence and Kakkar, 1980). In improving blood to the heart, more oxygenated blood can be

redistributed back to the working muscles.

2.4. Compression Profile

Compression profile is the specific design of a particular garment. Compression measurements are
measured in “ a millimetres of mercury” (mmHg). The compression profile has particular interest
in today’s sport science research as the pattern or design of compression can provide a potential
physiological benefit to the wearer. At present there is minimal research that has assessed different
types of compression profile. However, with advancements in technology and the ability to

manufacture bespoke compression garments, different compression profiles can now be researched.

2.5. Uniform Compression

Uniform compression tights is where the level of compression is similar across the limb length
(Figure 2.1). There is minimal research to date that has assessed the application of uniform

compression.
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mmHg
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Figure 2.1 Uniform compression garment design in comparison to other garment designs.
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Uniform compression would have the average compression of a graduated garment across its whole
length. This consistent level of compression potentially may allow a more productive influence of
oxygenation in the muscle. In order to understand the impacts of compression, the make, tensile
structure, level of compression and fit must be taken into encounter to fully see the potential benefits

(Brophy-Williams et al., 2015).

2.6. Compression Tights and Sporting Performance

Compression tights originate from the hip and cover the lower extremity down to the ankle. In
general, research has shown that compression tights do not have a negative influence on
performance, and may have positive effects in some circumstances (Driller and Halson, 2013).
However there has been equivocal evidence regarding the impact of compression tights on sporting
performance (Weakley et al., 2021). This can be explained by the need to further understand the
physiological responses when wearing compression tights. Some research has observed no
performance improvements when wearing compression tights in running and cycling (Daschombe
et al., 2011; MacRae et al., 2012; Sperlich et al., 2011; Venckunas et al., 2014; Table 2.1). Driller
and Halson (2013) did associate compression tights with an improvement in cycling performance
where they observed a small increase in power output. However some literature has found that
compression tights can improve sporting performance (Higgins et al., 2007; Driller and Halson,
2013). Higgins et al. (2007) detected greater distances travelled in a simulated netball game when
compression tights were worn. Minimal effects on physiological responses such as heart rate and
oxygenation have been reported, particularly in relation to their influence on sporting performance
(Higgins et al., 2007; Duffield and Potus, 2007). Increasing levels of oxygenation have occurred
through using compression tights but have had no desired effects on running and cycling
performance (Scanlan et al., 2008; Menetrier et al., 2011; Dascombe et al., 2011). It is worth noting

that the studies included have not consider using made to measure compression garments
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subsequently this can influence the overall physiological influence of the garment (Ashby et al.,

2021).

2.7. Compression Socks

The rationale for compression socks is to aid blood flow in the gastrocnemius and improve venous
return. Compression socks cover the lower extremity below the knee. Compression socks have had
favourable responses in comparison to compression tights with greater improvements in running
performance (Kemmler et al., 2009; Brophy-Williams et al., 2019). Brophy-Williams et al. (2019)
outlined that subsequent running performance could be affected using compression socks. They
were able to show that repeated time trial performances did improve but initial time trial
performances did not. The study did not identify physiological mechanisms for the performance

benefits, and thus this requires further investigation.

Del Coso et al. (2013) observed that the use of compression socks did not aid ironman performance
time. The study did not outline any physiological assessment measures during the race to indicate
potential influences on race performance. Pre and post measures were taken after the race and
identified that compression socks did not influence muscle soreness. It is clear that the application
of compression socks produce varied physiological responses but these responses have not been
corresponded with a benefit in running performance (Menterier et al., 2011; Vercruyssen et al.,
2014; Kerherve et al., 2019; Rennerfelt et al., 2019). The link between compression socks and
oxygenation has provided mixed information with increases and decreases being illustrated when
running at different intensities (Menterier et al., 2011; Vercruyssen et al., 2014; Kerherve et al.,

2019; Rennerfelt et al., 2019). Compression socks have also been associated with reducing muscle

12



activation in the lower limb when running suggesting an improved in efficiency leading to a

reduction in fatigue (Lucas-Cuevas et al., 2017).

2.8. Compression Garments and Recovery

Compression socks have been proven to show improvements in recovery for up to 24 hours post
exercise (Gill et al., 2006; Ali et al., 2007). Compression socks have been observed to show
improvements in the recovery process within 30 minutes of maximal exercise, subsequently
enhancing blood lactate clearance (Berry and Mc Murray, 1987). Kraemer et al., (2010) illustrated
that muscle swelling and soreness appeared to be lower in the group that wore a full compression
outfit in comparison to the control group who did not wear the garment, these effects were
demonstrated from an intense resistance-based work out. Even though pressure from the garment
was not measured, it would be interesting to observe if this variable impacted the recovery measures
even more. The application of compression tights have also been illustrated as an effective post-
match recovery strategy in elite rugby players (Gill et al., 2006). Gill et al. (2006) looked at other
recovery strategies including contrast water therapy and compression tights with low impact
exercise and reported improved recovery post performance with a lower creatine Kkinase
concentration. Bovenschen et al. (2014) observed a reduction in blood volume after exercise with
the application of compression stockings. The study failed to acknowledge or analyse in detail
muscle oxygenation or provide accurate blood flow measurements. However, this can suggest that
if blood flow were to decrease then muscle oxygenation opportunities will become limited in the
early stages of recovery. Thus there is a need to research the physiological responses when wearing

compression garments
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2.9. Running Economy

Running economy (RE) is defined as the metabolic cost of movement at a specific submaximal
running speed (Shaw et al., 2014; McManus et al., 2020). Running economy is an effective
determinant in performance for athletes. Improvements in running economy have been shown to
lead to improvements in distance running performance (Fallowfield and Wilkinson, 1999).
Variables such as “metabolic, cardiorespiratory, biomechanical and neuromuscular” need to be
considered as determinants of running economy for athletes (Barnes and Kilding, 2015). Running
mechanics with the use of compression has provided equivocal findings with research finding no
changes with lower limb compression (Varela-Sanz et al., 2011; Stickford et al., 2014). Recent
literature has discovered minimal influences of compression on biomechanical parameters (knee
and hip ROM °) whilst running (Palya and Kiss, 2020). However the compression values at the calf
(10.5 mmHg) and thigh (6 mmHg) were fairly low to potentially warrant any changes in running
gait (Palya and Kiss, 2020). Contrastingly, with higher values of compression (23 £ 2 mmHg) at the
calf changes in biomechanics (lower ground contact time, higher leg stiffness) during running have

been observed (Kerherve et al., 2017).

Running economy has been shown to improve at 65% \ozmax using commercial (Skins)
compression tights (McManus et al., 2022). McManus et al. (2020) obtained compression pressures
of 8.9 mmHg at the calf and 6.8 mmHg at the thigh. The study observed participants obtained lower
(1.05 kcal-kg™! -km™") RE values at 65% VO2max Within the compression trial in comparison to the
no garment trial (1.08 kcal-kg-1 -km-1). Contrastingly, Stickford et al. (2015) did not find any
differences in running economy in trained distance runners using compression, subsequently VO 2max
did not differ when participants undertook running speeds between 220 — 320 m-min-t. However,

they did not assess compression.
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Table. 2.1 Review of literature. Compression garments responses to exercise/ activity.

Author

Participants

Type of
compression

Exercise/ Activity

Level of
Compression
(mmHg)

Compression
Profile

Outcome

Brown et al. (2022)

Edgar et al. (2022)

11 Elite Judo
Athletes

55 New Zealand

military officers.

Stockings (Isobar,
bespoke)

Compression
Tights (2XU)

Bench press,
counter jump
performance, grip
strength, isometric
knee extension
(12h, 24h and 36h
assessed post
training).

27 participants
wore CG for 4-6
hours and .28
participants wore
military attire
every evening for a
6 week period.

2.4km, max press
up and curl ups
were assessed pre
and post 6 weeks
military training

M= 17 £ 5 (thigh);
17 £ 5 (calf)

F= 19 + 4 (thigh);
25 + 5 (calf)

Ankle: Pre 25.4 +
2.1; Post 19.7 +
1.8.

Calf: Pre; 21.6 +
2.8; Post; 18.3 +
3.1

Thigh: Pre; 15 £
4.3; Post; 11.8 £
3.1

Not stated

Graduated

<> No effects
on any activities at
12h, 24h and 36h
post training

statistical effects
on any of the
measures




Smale et al. (2018)

Duffield et al. (2016)

15 trained cyclists

11 trained athletes

Low-and medium
grade compression
tights (2XU)

Compression
Tights (Bioslyx)

Cycling at 30%,
50%, 70% and
85% of maximal
power output and
4-km time trial.
Stroop task was
undertaken at each
increment

10 minute
protocol of
sprinting and
plyometric based

exercises. Creatine

Kinase, aspartate
transaminase,
heart rate and
muscle soreness
were assessed pre
and post exercise.

Medium  Grade:
Ankle: 21.8 + 6.6
mmHg ;Knee: 20.3
+ 6.6 mmHg.
Thigh; 154 + 4.5
mmHg.

Low Grade:
Ankle; 8.6 + 2.7
mmHg; Knee: 14.9
+ 4.9 mmHg; Calf:
9.1 £ 3.1 mmHg,

Not assessed

Graduated

Uniform

Not stated

Improved
cognitive accuracy
with the Stroop
task with
compression.
Compression
tights did not
influence
performance.

<> No
differences
observed Creatine
kinase, aspartate
transaminase,
heart rate and
muscle soreness
post 24 hours.
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Driller and Halson
(2013)

Pruscino et al. (2013) 8 field hockey

players

MacRae et al. (2012) 12 recreational
cyclists

10 cyclists

Compression
Tights (2XU)

Compression
Tights (2XU)

Full Body

Two 30-minute
cycling bouts,
followed by a 60
minute passive
recovery where
either CG or
Compression
shorts were worn.
Hockey match
simulation
separated by 4
weeks to which
compression or a
control trial was
implemented.
Blood lactate was
monitored. 5
counter-movement
jump and squat
were performed
pre-exercise, 24
and 48 hr post.

60-min fixed
loading cycling at
65% VO2 max. 6-
km time trial.

Calf: 205+3.1
mmHg

Graduated

Thigh: 11.8 £ 2.6
mmHg

Ankle: 19.1+3.6  Graduated
mmHg

Calf: 7.2+2.8
mmHg

Thigh: 4.8+ 1.6
mmHg

Rest: Forearm: 13 Not stated
+ 2 mmHg;

Thigh: 11 +2

mmHg; Calf: 13 +

2 mmHg

Blood lactate
concentration. No
difference in
power output.

No differences
observed in blood
or performance
markers.

T Increase in
cardiac output
during exercise.
No other
differences
observed.
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Dascombe et al.
(2011)

Goh et al. (2011)

Scanlan et al. (2008)

7 elite kayakers

10 recreational
runners

12 trained cyclists

Upper-body
(Skins)

Compression
Tights (Skins)

Compression
Tights

Incremental and 4-
minute max
performance test
that simulated
kayaking. Heart
rate, VO2 , power,
distance, stroke
rate and
oxygenation

Four 20 minute
treadmill tests at
first ventilatory
threshold followed
by arunto
exhaustion within
cold and hot
conditions using a
control and CT
garment.

60 minute time
trial performance

17

Not assessed Not stated
Calf: 13.6+34 Graduated
mmHg

Thigh: 8.6 +1.9

mmHg.

Ankle: 195 + 3.4 Graduated
mmHg

Calf: 17.3 £ 3.0
mmHg

Mid thigh: 14.9 +
2.3 mmHg

Upper thigh: 9.1 +
2.2 mmHg.

<+“—>» No
differences
observed across
all measures.

No differences
observed within
heart rate, RPE,
time to exhaustion
between
conditions.

Assessed  blood
lactate
concentration,
heart rate,
oxygenation.

No statistical
differences
observed.



Higgins et al. (2009)

9 Netballers

Compression
Tights (Skins)

15 minute circuit
simulating
activities within a
game, repeated
four times.

Not assessed

Not stated

Greater
distances occurred
with the use of CT.
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2.10. Interface pressures

The garment/interface pressure needs to be considered to determine the benefit for performance and
recovery (Daschombe et al., 2011; Driller and Hanson., 2013; Beliard et al., 2015). Location and
exertion of pressure from the compression garment have been recently illustrated as fundamental
for the validity of gathering data surrounding performance and recovery (Brophy-Williams et al.,
2015). Interface pressures, measured in mmHg, are associated with the amount of compression that
is fixated on the garment. Most studies do not illustrate the actual force exerted from the garment
(MacRae et al., (2011). It is therefore essential to measure the force exerted from the garment,
particularly when assessing its physiological effects on recovery (Sakadian, 2015). Values of >
30mmHg of pressure exerted by the garment have been highlighted as a key baseline pressure to
observe reduction of blood flow after high intensity exercise (Sperlich et al., 2013). Compression
shorts of 37mmHg, of pressure have been shown to reduce blood flow post exercise after high
intensity cycling (Sperlich et al., 2013). However, values of 15 mmHg have been reported to
increase blood flow (Liu et al., 2008). Lawrence and Kakkar (1980) have highlighted that a faster
blood flow will occur with gradient of 18 mmHg at the ankle, 14 mmHg at the calf, 8 mmHg at the
knee, 10 mmHg at the lower thigh and 8 mmHg at the upper thigh. Providing minimal elasticity
and a tighter fit to the participant will potentially have a greater ergogenic effect. In conclusion,
compression garments need to be suited to the body composition of the subject to allow the full
effectiveness of the garment as most garments will lose the initial tension of the fabric (Troynikov

et al., 2010).



2.11. Perceptual responses

Factors such as level of compression, material and sizing of the garment are known to be key
determinants of comfort when wearing compression garments (Lucas-Cuevas et al., 2014; MacRae
et al., 2011). There are mixed findings to identify the perceived benefits of wearing compression
during exercise, suggesting that more research is needed to assess factors that influence these
perceived benefits. In general the greater level of compression has been associated with higher levels
of discomfort, this could be down to higher levels of constriction reducing circulation. As the
predominate use for compression is post exercise, the actual activity and intensity of the initial
exercise will have an influence on the perception of the affect of the compression (Ali et al., 2007,
Duffield et al., 2007). Research has outlined that performance could be influenced if the garments
are uncomfortable, this is due to the compression altering natural mechanical movement

(Kinchington et al., 2012; Lucas-Cuevas et al., 2014).

2.12. Haemoglobin

Oxyhaemoglobin Deoxyhaemoglobin

Figure 2.2. Oxyhaemoglobin and deoxyhaemoglobin molecular image.
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Haemoglobin (umol) is a protein that carries oxygen in skeletal muscle tissue (Babior and Stossel,
1994). Oxyhemoglobin (O2Hb) and deoxyhaemoglobin (HHb) (Figure 2.2) are two forms of

hemoglobin. Oxyhemoglobin (umol) is joined with 4 molecules of oxygen and deoxyhemoglobin
(nmol) is without oxygen. Heavily populated oxygen in the lungs is absorbed by haemoglobin to be
then converted into oxyhaemoglobin to then be released into the muscle where oxygen is low
(Moore et al., 2016). Exercise intensity raises oxygen consumption thus increasing the demand for
oxyhaemoglobin in the muscle (Moore et al., 2016). Oxyhaemoglobin and deoxyhaemoglobin can
also be identified as muscle oxygenation and deoxygenation. Total haemoglobin (tHb) is a
combination of O2Hb + HHb in the muscle. The most common form of muscle oxygen assessment
is Tissue Saturation Index (TSI) or as it is also referred to as Tissue Oxygenation Index (TOI).
Muscle oxygenation is often described as the overall branch of oxygenation responses and does not
necessarily specify or acknowledge all key components such as tissue saturation, oxyhaemoglobin,
deoxyhaemoglobin and total haemoglobin. Exercise provides varied oxy/deoxyhaemoglobin
responses, depending upon the modality and intensity and the bodies ability to use oxyhaemoglobin.
During exercise to exhaustion protocol, a decrease in oxyhaemoglobin responses when exercising
on the bike was observed, subsequently responses increased by 13.0 + 2.0 pmol post exercise in the

vastus lateralis (Ganesan et al., 2016).

2.13. Tissue Saturation Index

Tissue saturation (TSI) is the absolute value of haemoglobin that is saturated in the muscle, this is
normally represented as a percentage (%). TSI (%) is calculated at the ratio of absorbance
850/(850/760) nm x 100 at two or more depths in the tissue using NIRS (Sanni and McCully, 2019;
Jones et al., 2016; Equation 1).In non- exercise specific conditions, 75 per cent of oxygen in the

muscle is saturated leaving approximately 25 per cent utilized by the tissue (Babior and Stassel,
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1994). TSI (%) values provide a good understanding of how effective the muscle is at absorbing
oxygen. Theoretically an increase in oxyhaemoglobin and a decrease in TSI % can suggest that the
muscle is utilizing oxygen more effectively to deal with the increase in oxygen consumption (Babior
and Stassel, 1994). Science suggests that greater levels of oxygen saturation in the muscle can aid
sporting performance. Increasing oxygen saturation in the muscle can fuel the muscle to sustain or
enhance performance and improve recovery Kinetics post exercise. Compression increases the
oxyhaemoglobin response due to increase in pressure exerted, this forces an uptake of
oxyhaemoglobin in the blood (Bringard et al., 2006; Babior and Stassel, 1994). The mechanisms for
this increase of TSI (%) are normally associated with the following; increased skin temperature,
increased skin blood flow, improved blood flow in the capillary bed, and greater circulatory effects
(Bringard et al., 2006; Scanlan et al., 2008; Kraemer et al., 2010; Sear et al., 2010; Menetrier et al.,

2011; Kerherve et al., 2017; Rennerfelt et al., 2019).

Equation 1

kO,Hb

T80 =46, b + kHHb

K is represented as the scattering contribution, Oz is the oxyhemoglobin and HHb is identified as

deoxy hemoglobin.

2.14. Muscle Oxygenation and Deoxygenation responses to Compression Garments

Oxygen Kinetics

The importance of oxygen kinetics/ assessment of oxygen uptake ( VVozmax) is of value for athletes

as it enables a better understanding of how oxygen is used in the muscle. Researchers have
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disclaimed the importance of oxygen Kkinetics as a key indicator of “adaptations through endurance
training and also a measure of an individual’s aerobic fitness”, in turn the end product of this can
see athletes prolong higher levels of intensity due to the bodies capacity to use oxygen more
effectively (Whipp etal., 1981; Prinz et al., 2021). Figure 2.3 is a schematic diagram of how oxygen
uptake can alter through training status. The time and speed of response in utilising oxygen at local
mitochondria level is of key importance and can determine key sporting actions as well as be factor
in helping the recovery process (Kraemer at al., 2018). The application of compression potentially
could be an aid in improving oxygen kinetics, however further research is needed to quantify \V

O2max responses using bespoke compression.

Capillary network
@ @ Q
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Figure 2.3. Schematic diagram of the influence of training status on oxygen uptake.
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Tissue Saturation

Haemodynamics are a key area of interest for research especially when applying compression to an
area. Muscle oxygenation has been commonly referred to in the research as tissue saturation, but
can also be used to describe all branches of oxygenation such as oxyhaemoglobin and
deoxyhaemoglobin responses. Muscle oxygenation and deoxygenation are key responses that can
occur through the influence of compression. Increasing tissue saturation through compression is of
key interest for athletes and coaches as it may allow athletes to sustain performance through greater
availability of oxygen in the muscle. Greater availability of oxygen in the muscle will subsequently
help with ATP synthesis which will allow energy production to become more consistent enabling

the athlete to sustain performance levels.

The research to date is very limited to assessing the influence of compression on physiological
responses. Studies have compared the application of compression garments to wearing non
compression garments, and observed no impacts on heart rate and \ozmax in resting conditions
(Bringard et al., 2006). However it is difficult to conclude the effectiveness of the garment when the
initial purpose of the garment is not assessed in an appropriate sporting setting. When muscle
oxygenation levels have been assessed effectively, the garments impacts has shown improvements
at a local muscular level (Sear et al., 2010). Participants that wore a whole body compression
garment (55.8 + 7.2%) had elevated levels of tissue saturation in the vastus lateralis in comparison
to without wearing the garment (53.5 + 8.3%). Interestingly, post sprint performance, tissue
saturation remained higher with the whole-body compression garment (50.4 + 9.8%) in comparison

to the no garment trial (47.9 + 8.4%) (Sear et al., 2010).
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TSI (%) values have been shown to increase thus leading to a decrease in venous pooling when
compression garments have been applied (Bringard et al., 2006; Table 2.2). The physiological
explanation behind this suggests that the garments elasticity decreases venous pooling (Hbtot
concentration) at the muscle site leading to an increase in muscle oxygenation. This would be of
key value for performance to observe any changes in oxygenation levels when assessing other
muscle groups whilst exerting more effort for the individual. Bringard et al. (2006) suggests that the
stockings have an ergogenic aid to increasing TSI values (Table 2.2). This theory would therefore
lead to greater research needed in observing changes in oxygenation levels in bespoke compression
tights. Observing oxygenation changes in the vastus lateralis would be of key interest to see if
greater levels of TSI would be observed in comparison to the values that are indicated by
compression socks. If compression is exerted to a working muscle then physiologically oxygenation
levels would increase leading to increase values in TSI and oxyhaemoglobin (Bringard et al., 2006;
Sear et al., 2010; Figure 2.4). In stationary conditions, O’Riordan et al., (2021) observed tissue
saturation responses increased through the use of standardised manufactured compression in the
gastrocnemius and thigh muscles, subsequently there conclusion suggested that higher levels of
compression would increase tissue saturation responses in the muscle. Even though Kraemer et al.
(2010) didn't observe oxygenation levels their protocol enabled them to distinguish clear findings
to suggest that compression garments may aid recovery from a heavy resistance workout.
Physiologically and mechanically their results did not illustrate changes in blood flow and
oxygenation it would have been interesting to view how the values in TSI and Hbtot concentration

may have differed from the workout in comparison to, the application or without wearing garments.

Contrastingly, there is some evidence that suggests tissue saturation can decrease through the

application in compression at approximately 20 mmHg of pressure exerted onto the anterior

compartment and the vastus lateralis muscle (Rennerfelt et al., 2019; Born et al., 2014). Rennerfelt
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et al. (2019) observed that tissue saturation running in the anterior compartment reduced through
standardize manufactured compression stockings. The increase in oxygen uptake at local muscle
level could be put down to the training status of the individuals, subsequently the Rennerfelt et al.
(2019) study used healthy recreational athletes with a running background, this in tern could suggest
that saturation of oxygen decreased in order for the muscle to use oxygen to help sustain the demands
of the activity. Peseux et al. (2017) also identified that tissue saturation will decrease when running
intensity increased. The change in pressure through compression increases muscular contraction in
higher levels of intensity to which creates a tourniquet effects that can reduce tissue saturation in
the muscle (Peseaux et al., 2017; Wertheim et al., 1999). Wertheim et al. (1999) showed that when
walking occurred there was an increase in compression pressure at the gastrocnemius, this
potentially could impact the reduction of blood flow in the muscle effecting haemodynamics

(Sperlich et al., 2013).

The responses in different levels and pressures of compression inversely coincides with different
responses in tissue saturation. Compression readings suggest that 15-20 mmHg should be used to
have an effective response in blood flow and muscle oxygenation (Liu et al., 2008; Menetrier et al.,
2015). However, the relationship between compression levels and impacts on haemodynamics is
not fully understood (Dermont et al., 2015). Dermont et al. (2015) showed a strong correlation
between increasing compression (16.5 — 39.5 mmHg) and increasing TSI responses, observing a +
22.6% of saturation change in from participants not wearing compression. Peseux et al. (2017) also

detected increases of + 25.2 + 2.7% tissue saturation with higher levels of compression when

participants wore compression at rest in comparison to no garment. Contrastingly, Born et al. (2014)

detected that compression (757 range: 78.7 to 85.6%) did not influence tissue saturation responses
when ice speed skaters wore a graduated profile thigh: 20.2 + 2.2 mmHg; calf; 24.4 + 3.1 mmHg)

in comparison the control trial (7SI range: 97.1 to 86.5%). Menetrier et al. (2011) also observed
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increases in tissue saturation of 3.3 = 0.4% when a pressure of 20mmHg was applied in comparison
to when no garment was applied. Interestingly when compression was further increased to S0mmHg,
Menetrier et al. (2011) detected an increase of 8.8+1.9% in tissue saturation. Through a venous
hypertension protocol, Neuschwander et al. (2012) demonstrated that external compression (40
mmHg) provided an increase of 23+7% within the anterior tibialis muscle. In contrast, Rennerfelt
et al. (2019) observed a decrease in tissue saturation (6+0.7%) from the baseline, this further
decreased 11+1.8% when participants ran for approximately 45 minutes. Whilst the majority of
literature suggests an increase in tissue saturation, the responses still may differ based on the activity

and should still be further investigated, especially when assessing different types of compression.
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Table 2.2 Review of Literature. Muscle oxygenation responses through the application of compression garment

Author Participants Device Exercise/  Muscle assessed Compression Level of Type of Duration TSI Muscle Oxygenation/
BRI Assessed Compression compression of activity Response  Deoxygenation
(mmHg) (minutes)
O’Riordan  N=12 - Supine Gastrocnemius_/ Yes 12.2t021.8 Tights 1 hour T -
etal. Vastus Lateralis
Stand
Rennerfelt  N=12 NIRO-200, Supine; Anterior Yes 22+3.1 Stockings 76 minutes i (TOI1%) -
etal. Hamamatsu  Standing, = compartment
(2019) Photonics Running
Peseux et N=14 InSpectra Low Gastrocnemius Yes 240+£0.8 Sleeves 20 T -
al. (2017) Model 650 intense
Jogging
and
seating
Kerherve et N=14 - 24km trail ~ Gastrocnemius Yes 23+2 Sleeves 24km T -
al. (2017) running
Book etal. N=20 PortaL.ite, MVC/ Gastrocnemius Yes 13.31+2.43 Socks 13 - i HHb
(2016) Artinis Plantar
Flexion

TIncrease; iDecrease; <—> No change; - not assessed



Table 2.3 Review of Literature. Muscle oxygenation responses through the application of compression garments.

Author Participants Device Exercise/ Muscle assessed  Compression Level of Type of Duration of Response Muscle
B Assessed Compression compression activity Oxygenation/
mmHg minutes eoxygenation
(mmHg) (minutes) D ti
Dermont et al. N=8 InSpectra Seating Gastrocnemius  Yes 16.5- 39.5 Sleeves 19 T -
(2015) Model 650
Bornetal. (2014) N=10 Portamon, 3000M TT (lce  Vastus Lateralis  Yes 20.3+2.3 Tights TT i P=.99 -
Axrtinis Skating)
Medical
Neuschwander et N=8 RunMan; Hypertension Anterior Tibialis  Yes 40-65 External Varied T -
al. (2012) NIM)
Menetrier et al. N=14 InSpectra Running Gastrocnemius Yes 15-27 + Sleeves Maximum T -
(2011) Model 650 additional speed
compression up
to 50.
ringard et al. = -300, upine an astrocnemius es .64, ights minutes 0 2Hb,
Bringard et al N=12 NIRO-300 Supi d G i Y 23.6+4.8 Tigh 5mi TOI% O2Hb, HHb
(2006) Hamamatsu Seating each
Photonics

T Increase; iDecrease; <—»No change; - not assessed
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Figure 2.4. Peak compression measurements (mmHg) in the gastrocnemius in comparison to tissue

saturation (%) responses in the literature.

Oxyhaemoglobin(O2Hb) and Deoxyhaemoglogbin (HHb)

Oxyhaemoglobin and deoxyhaemoglobin concentration changes are dependent on the intensity of
activity involved subsequently altering the oxygen utilisation. Agu et al. (2004) assessed limb
oxyhaemoglobin and deoxyhaemoglobin responses in standing, sitting, tip toe exercise and resting
supine position when using different grades of compression with the level of compression ranging
from a 14-35 mmHg. When performing tip toe exercises, Agu et al. (2004) reported that with
compression stockings, increases in oxyhaemoglobin responses (7.4 + 2.9 pumol) and smaller
concentration changes in deoxyhaemoglobin (3.4 £ 2.7 umol) responses were detected in
comparison to lower oxygenation values without the use of compression (O2Hb; 6.7 £ 2.6 pmol;
HHb; 7.6 £ 2.1 umol). Agu et al. (2004) observed similar responses in the gastrocnemius when
participants were walking for 5 minutes. Higher levels of compression from compression stockings

observed higher oxyhaemoglobin responses (5.8+2.4 umol) in comparison to smaller concentration



changes when participants didn’t apply compression (2.8+2.3 pmol). Deoxyhaemoglobin changes
were also reduced through the use of higher levels of compression (6.8+3.1 umol) in contrast to
when participants did not wear compression (11.4£3.1 umol). When standing for 5 minutes, higher
levels of compression resulted higher in oxyhaemoglobin (12.0+2.2 pmol) in comparison to when
no compression stocking was worn (10.2+3.2 umol). Agu et al. (2004) study outlined that when
there was muscle engagement, compression would improve the bodies approach to using oxygen.
To date there has been limited research that has assessed concentration changes in
oxy/deoxyhaemoglobin with the application of compression. Through high intense exercise,
research has outlined that O2Hb increase and HHb decrease is likely to result in a reduction in tissue
saturation at the muscle, the theory to this suggests that the muscle is utilising oxygen more
effectively in order to “reoxygenate the muscle” to help sustain performance demands (Rodriguez
et al., 2019). The current literature is equivocal and it is clear that there is a great need for further
research to develop bespoke compression garments and determine the physiological effects of

specific compression pressures on TSI, oxyhaemoglobin and deoxyhaemoglobin.

31



2.15. Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) is a non-invasive device that measures “muscle oxygenation”.
The portable device assesses total haemoglobin content, tissue saturation, oxyhaemoglobin, de-
oxyhaemoglobin and haemoglobin difference. Through light absorption the Near infrared
spectroscopy penetrates fat and muscle tissue and looks at changes in concentration in haemoglobin
(Figure 2.5). The modified Beer- Lambert law is incorporated to show the relationship in materials
absorbed and concentrated. Due to the differences in biological structure, oxyhaemoglobin (O2Hb)
and deoxyhaemoglobin (HHb) can be monitored (Equation 3). The law suggests optical distance
will provide more conclusive data based on the different tissues and their density that the light will
need to travel through, this is known as the differential pathlength factor (DPF). Research suggests
for muscle tissue that a DPF value between 4.0-4.95 should be used (Lucero et al., 2017; Van
Beekvelt, 2002). For smaller muscle groups would suggest a smaller DPF value would be used, this
is due to smaller adipose tissue surrounding the muscle making it easier for light to absorb
concentration changes in haemoglobin (Celie et al., 2011). The device consists of three optodes that
emit wave lengths of 760 and 850 nm. There are a range of NIRS devices such as Porta Lite and
PortaMon that have been known recently to produce reliable data (McManus et al., 2018). The
research currently suggests that 10Hz is an acceptable sample size to collect data (Lucero et al.,
2017; Van Beekvelt, 2002). Methodological issues such as environment and daylight can have an
influence on collecting reliable data, with this in mind it is noted that devices should be covered to
restrict light (Van Beekvelt, 2002). Further factors such as adipose tissue or body composition of
the subject will significantly impact the validity of the near infrared spectroscopy (Ding et al., 2001;
Martin et al., 2009). Greater levels of body tissue will mean that the infrared light will have further
to travel to detect oxygenation changes subsequently influencing the quality of the signal (van

Beekvelt, 2002; Alfonsi et al., 2001; Wang et al., 2001).
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Near Infrared Spectroscopy: PortaLite

Modified Beer- Lambert
law applied- data then
filtered to Oxysoft
(software analysis)

DPF Value: 495 —

rF
Bandage to reduce light
Adipose Skin Tissue —»

Muscle Tissug| —» Scatter Detected

Figure 2.5. Schematic diagram of the application of the Near-infrared Spectroscopy in skeletal

muscle tissue.

There has been minimal research in application of the NIRS in sports science to examine the links
between oxygenation responses with the application of compression garments. The purpose of using
the device will allow the thesis to measure muscle oxygenation during exercise and recovery based
activities whilst applying bespoke compression garments. NIRS measurements have been illustrated
as an effective instrument for measuring oxidative metabolism (Ding et al., 2001; Bambahnini
2004). However, to date no studies have examined the reliability of NIRS whilst wearing bespoke

compression.
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Near-Infrared Spectroscopy Calculations

Beer-Lambert Law

Beer-Lambert law is an established equation used to determine the concentration level and
alterations in O2Hb and HHb in the tissue (Equation 2).

Equation 2

A=€ CL

€ is the extinction coefficient, C is the micro-molar concentration, A is the attenuation, and L is the

dimension in which solution can be measured (Rolfe, 2000).

Modified Beer-Lambert Law
The new modified law accounts for the change in light attenuation allowing it to be proportional for

the changes in concentration in oxy and deoxyhaemoglobin (Equation 3). K represents tissue loss,

ITO represents light in and out, y is the path length factor.

Equation 3

lo
A=logT=£CLx+K
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2.16. Near Infrared Spectroscopy Reliability

Near Infrared Spectroscopy has been shown to be reliable for the assessment for muscle oxygenation
(Celie et al., 2011; Biddulph et al., 2023). However, NIRS reliability is varied and depended on the

activity of the participant (Table 2.4)

Celie et al., (2011) observed no significant differences in deoxyhaemoglobin measurements when
assessing muscle oxygenation in the forearm. Celie et al. (2011) experimental protocol was able to
capture no differences in a 48-hour period and provided ICC of r=0.77 in SmO2 responses when
participants performed at maximum intensity. Scott et al., (2014) observed wider reliability
measures in NIRS variables [O2Hb, HHb, TSI] with CV ranging from 6.1 to 43.5% and ICC values
from 0.44 to 0.87 during high resistance exercise. Lucero et al. (2017) observed strong reliability
values when assessing oxygenation responses during knee extension exercise. Intraclass correlation
values (0.70 to 0.98) observed strong reliability across 4 days of testing in tHb and TSI. Coefficient
of variation values observed strong reliability ranging from 1.5 to 4.1 % in tHb and TSI were
observed when participants performed incremental dynamic exercise (Lucero et al., 2017). It seems
that when muscle contraction responses are inconsistent then the reliability of NIRS also vary its
responses. In resting conditions prior to 30 and 100% MVC, NIRS demonstrates good reliability
(CV; 30% MVC: 2.4 £ 0.8: 100% MVC: 3.2 = 2.3%) with TSI % values showing minimal changes
between 3 sessions (Muthalib et al., 2010). Interestingly, when muscle engagement increased, the
reliability between sessions was poorer (CV; 30% MVC: 37.7 + 14.1%: 100% MVC: 11.3 £ 4.2%)
subsequently suggesting that higher frequencies of muscle engagement can influence reliability
values. Van Beekvelt (2002) has also found similar readings in CV (%) scores varying from 16.3-

23.2% over three days of testing.
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Reliability of NIRS during exercise is clearly poorer during co-coordinative multi-joint exercise
whereas reliability appears better during isometric single limb (Scott et al., 2014). During exercise
has shown that coefficient of variation scores for muscle oxygenation responses can vary from 6.1-
43.5% with Intraclass correlation and Pearson correlation scores ranging from 0.44- 0.97 (Austin et

al., 2005; Perreira et al., 2005; Scott et al., 2014; Choo et al., 2017).

Further applying pressure to the muscle and optode can alter the overall reliability of the Near
Infrared Spectroscopy (Hamoaka et al., 2011). Therefore evaluating the level of compression is a
determinant that should be used in protocols, especially when assessing the effectiveness of the
garments, is paramount. As the NIRS functional use is based on light travelling through skin and
passing through muscle tissue, adipose tissue thickness can influence the reliability of repeated
measures. Homma et al. (1996) showed that the source detector distance would be a factor in skin
penetration for muscle oxygenation data. If the distance is greater than 20mm then muscle
oxygenation data would be considered unreliable due to greater distance in travel needed to reach
muscle tissue and assess haemoglobin changes. Thus, it is important to assess reliability of NIRS

whilst wearing compression which may alter adipose tissue thickness.
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Table 2.4 Review of Literature: Reliability of Near-infrared Spectroscopy

Author Participants Dz DIF= Sl Ay Muscle ATT ICC CV (%)
(Wavelengths)
Assessed
Biddulph et al. N=13 PortaL.ite,, 4.95 (760- Laying supine, seating, Gastrocnemius 9.0 to 0.35-0.98 across 1 - 8.8%
Artinis . N and Vastus L
(2023) Medical 850nm) walking and jogging Lateralis 1L3em ol activities. across  all
System, BV activities.
Elst,
Netherlands
Balas et al. N=32 Oxymon; 4.0 (765 - 855 Handgrip exercise (8-second Forearm Not TSI rest: 0.42 TSl rest: 8.3
Artinis i . displayed
(2017) Medical nm) contraction—2-second relief) :
_ tHb rest: 0.65 tHb rest:12.9
%’:ttem' BV, at 60% of maximal voluntary
, ) TSI- first 3
Netherlands contraction. - fi .
TSI- first 3 contractions:
contractions:0.48 21.5
tHb- first 3 tHb-  first 3
. reliefs: 23.6
reliefs: 0.54
Lucero et al. N=12 PortaL.ite,, 4.0 (765 — 855 Post 10 min rest, participants Vastus Males: 0.70-0.87 15-2.6
(2017) Avrtinis nm) performed 3 min of isotonic Lateralis 04£0.2
Medical knee  extension  (one cm
System, BV,

extension every 4 seconds)




Celie et al.
(2011)

N=20

Elst,
Netherlands

Oxiplex TS,
ISS,
Champaign,
IL, USA)

Not displayed
(750-830 nm)

at 5, 10, 15, 20, 25 and 30%
of maximal
contraction (MVC)

voluntary

2 minutes of
with 1

handgrip
contraction minute
recovery. Began exercise at 20%
MVC was increased by 10%

until exhaustion.

Forearm

Females:
05+0.1

6.0+2.2

[Hb + Mb]

20% MVC: 0.32
30% MVC: 0.02
40% MVC: 0.33
50% MVC: 0.44

60% MVC: 0.55

69.5 -73% MVC:

0.87
TSI:
20% MVC: 0.60
30% MVC: 0.39
40% MVC: 0.57
50% MVC: 0.34

60% MVC: 0.22

Not assessed.
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Crenshaw et al.
(2011)

N

24

INSPECTRA
Tissue
Spectrometer-
model 325,
Hutchingson
Technology
Inc., MN,
USA

Not displayed

(680- 800 nm)

10%,30%,50%
isometric MVC

and

70%

Forearm

59+16

69.5 -73% MVC

Tissue
Saturation: 10%-
70% MVC: 0.58-
0.95.

Not assessed
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Table 2.5 Review of Literature: Reliability of Near-infrared Spectroscopy

Author Participants  DEVICe L Exercise/ Muscle ATT IcC CV (%)
Activity
Assessed
Scott et al. N=20 Portamon, Artinis Not Back squat \Vastus Not HbO2:, HHb and TSI HbO2:, HHb and TSI
. _ _ Lateralis assessed
(2014) Medical ~System, displayed  exercise, 12 sets
Bv H 0.44-0.87 6.1- 43.5
' € (650- 860 at 70-90% of 1
Netherlands)
nm) rep max.
Muthalib et  N=8 NIRO-200 Not 10 second Bicep 2.7+0.6  Not assessed. Tissue Saturation
al. (2010) oximeter displayed isometric mm baseline 30% MVC: 3.0 =
Hamamatsu contraction  at 15
Photonics K.K., 30% MVC and
Hamamatsu, 0
Japan. 100% MVC. Tissue Saturation
baseline 100% MVC: 4.4
+2.1
Austinetal. N=46 Hutchinson Not Running at lactate  Gastrocnemius Not Tissue Saturation: Not assessed
(2005) Technology  Inc, displayed threshold and assessed
(720-760 VO Lactate Threshold: 0.87

Hutchinson, MN.

nm)

VOZmaX: 088
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2.17. Haemodynamics

A recent meta-analysis (Lee et al., 2022), assessed 786 articles on compression garments and their
influence on cardiac output, heart rate, stroke volume, blood pressure and systemic vascular
resistance. Twelve articles were extracted for further analysis and concluded that large effects were

observed in stroke volume and heart rate.

Cardiac Output

Cardiac output can be defined as the “amount of blood released from the left ventricle per minute”
(Swanevelder, 2003). Non-invasive devices to assess cardiac output are more practical to assess
changes in cardiac output (Swanevelder, 2003; Vignati and Cattadori, 2017). Cardiac output is
measured using the simple of equation (Q= SV X HR). Stroke volume is defined as “the volume of
blood distributed from the left ventricle of the heart during each contraction (Russ and Raja, 2020),
this can calculated as the difference between the “end phases” of the diastolic and systolic volume
within the left ventricle (Russ and Raja, 2020). The link between cardiac output and muscle
oxygenation can provide researchers with a greater understanding of how compression can be
utilised. Due to the complexity in assessing cardiac function, it is common for the research to use
experimental protocols where participants are at rest (Lee et al., 2021; van Campen et al., 2021;

Strenger et al., 2010).

In participants with Chronic Fatigue Syndrome, compression stockings (compression: 4.4+0.9
I/min; no compression: 4.0+0.8 I/min) have observed increases in cardiac output when participants
with Chronic Fatigue Syndrome undertook a 70 degree head up tilt activity for 15 minutes (van
Campen et al., 2021). Interestingly when participants undertook the supine position, there were no
significant differences ib cardiac output between measures (compression: 5.0+1.1 I/min; no

compression: 5.0+1.1 I/min), the level of compression observed was between 20-25 mmHg,



subsequently no other physiological effects (heart rate and blood pressure were observed (van
Campen et al., 2021). Lee et al. (2019) detected that different levels of compression on the lower
extremity will influence cardiac output in healthy individuals. Low (compression: 2.2+1.4 mmHg:
CO: 2.9+0.8 I/min) and higher (compression: 28.8 = 8.3 mmHg: CO: 3.2+0.9 I/min ) compression
levels resulted in different cardiac output values. When wearing graduated compression (4.6+0.4
I/min), cardiac output increased in participants who undertook 10 minutes of a 80° head up tilt in

comparison to when no compression (3.1+0.3 I/min) was worn (Strenger et al., 2010).

The theory of compression increasing blood flow suggests an increase in cardiac output (Lee at al.,
2021). Lee et al. (2021) observed that compression tights can aid haemodynamics during recovery
from high intensity cycling. Participants wore a high pressurised graduated compression profile
(calf: 47.448.8mmHg; knee: 27.5+5.0 mmHg; thigh: 24.1+2.4 mmHg) for 60 minutes post
performing a preload fatigue cycle activity. Higher responses when wearing compression tights
(P<0.05) were reported for stroke volume (CT: 51.7 + 19.0 cm3: Control garment: 45.2 + 17.2
cm?) and cardiac output (CT: 3.7+1.4 L-min—1; Control garment: 3.2+1.0 L-min—1) after 45
minutes (Lee et al., 2021). However some research contradicts this and suggests that no effects
occur on cardiac output when wearing different levels of compression (Sperlich et al., 2011;
Lawrence and Kakkar, 1980). The circulatory infrastructure of the muscle will also bare a key
influence in overall haemodynamic affect. Through a graduated compression design with the highest
level of compression reported at the gastrocnemius, Lee et al. (2020) discovered enlargement of
arterial structures in the gastrocnemius. This finding could be illustrated because of the
gastrocnemius “containing more blood than other regions” (Lee et al., 2020; Avril et al., 2010). The
importance on circulatory responses such as improving venous return is emphasised with higher

levels compression on the calf (Ducrozet, 2004). There is limited data on different types of
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compression and their influence on cardiac output and there is still more evidence that is needed to

ascertain the links between leg blood volume, oxygenation and cardiac responses.
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Table 2.6. Compression garments effects on cardiovascular responses

Van Campen et al. (2021)

Lee et al. (2021)

Dorey et al. (2018)

Lee et al. (2018)

Barde and Deepak (2012)

N=

N=

N=

N=

18

13

10

33

38

Doppler
ultrasound

Non-invasive
Doppler
ultrasound cardiac
output monitor
(USCOM Ltd)

Non-invasive
Doppler
ultrasound cardiac
output monitor
(USCOM Ltd)

ICG

Supine

Seated upright

Supine

70 degree Head up
tilt test and supine

position

70 degree Head up
tilt test and supine

position

20-25 mmHg Socks
Overall: 31.4 Tights
30-40 mmHg Socks
Gastrocnemius- 15.2  Tights
mmHg

Thigh- 8.5 mmHg

N/A N/A

Aortic Valve

Aortic Valve

Aortic Valve i

N/A i

f f

<+—>

In the IL
HUT positi®n

v Supine

<+—>

In the HUT
position v Supine

In the ilnthe HUT
HUT position

Vv Supine

position v Supine




Table 2.7. Compression garments effects on cardiovascular responses

Prothero et al.

(2011)

Lucas et al.
(2011)

Sperlich et al.

(2011)

8MHz
Ultrasound
probe

2-MHz,
Doppler
Ultrasound
System

Rebreathing

unit

60 degree Head  37.1 mmHg Stockings

up tilt test and
supine position

Supine, 30 - Tights
minute,
standing 3 min,

supine 6 minute

Ramp test, 13.6-38.8 mmHg  Socks

running

Brachial Artery

|

-(Right middle
cerebral artery)

In the In the

HUT i N
position v HUT position v
Supine Supine
Determined

from the

product of

HR and SV

<> >
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2.18. Blood Flow

The ability to return blood back towards the heart and regenerate deoxygenated blood to oxygenated
blood is of key interest for athletes. Compressing the gastrocnemius can act as a squeezing effect to
help improve the return of deoxygenated blood to the heart. Poiseuilles (1846) law on fluid
mechanic’s is directly specific to the link between compression and venous return. Poiseuilles law
is based on the pressure difference between the beginning and end of a cylinder based structure. The
flow of a substance is determined by the size of the radius and the pressure between two points, in
this case it can be applied to a blood vessel. The changing point to which blood flow state changes
can be determined by factors that may impact the radius size of the vessel. Compression has been
known to increase the temperature at peripheral level and provide a dilating response increasing size
diameter of the vessel. This response will enable the blood flow rate to increase due to the change

in pressure at the two points of the vessel.

The influence of compression on venous return has provided mixed responses with some research
suggesting no influences (Smale et al., 2018). Blood flow responses have varied with some research
observing reductions with the use of compression (Sperlich et al., 2013). Other research has outlined
that blood flow does increase within superficial and deep veins and arteries using compression

(Broadtch et al., 2021; Riordan et al., 2021; Eze et al., 2006).

A recent article by Riordan et al. (2021) observed increases in “venous markers” through increases
in blood within the popliteal vein and femoral vein using compression shorts, tights, and socks
during the supine position. In comparison to the control trial where no compression was worn,

compression tights increased popliteal vein mean (57.3 + 90.1%), popliteal vein peak (58.9 + 84.4%)

and the femoral vein peak (46.4% + 68.1%). With higher levels of compression (120 mmHg) exerted

46



external compression has elevated blood flow within the popliteal artery (128 +20.4 mL/min) when
participants were in the seated position (Eze et al., 2006). Higher levels of compression socks have
reported that venal blood flow is higher when participants undertook a 30-minute treadmill run
(Oficial-Casado et al., 2020). Compression did not influence cerebral blood flow when wearing
compression tights, participants undertook an incremental cycling task to which no significant
differences were observed through the use of different levels of compression (Smale et al., 2018).
Interestingly, compression tights that exerted 35mmHg pressure across the thigh (superficial:
5.1+2.4 mL/100g/min; deep; 5.7+2.8 mL/100g/min ) have been shown to restrict thigh blood flow
in recovery from high intense exercise in comparison to when no compression was used (superficial:
9.8+4.2 mL/100g/min; deep: 12.4+5.2 mL/100g/min) (Sperlich et al., 2013). When wearing tights
that exerted different levels of compression, deep veins (low: 11.8+7.7 mm?% medium: 15.8+8.2
mm?: high: 21.2+13.0 mm? ) and arteries ( low: 12.7+8.4 mm? : medium: 16.6+8.4 mm? : high:
23.4+14.8 mm?) cross sectional area in the calf increased when participants wore higher levels of

compression tights during resting conditions (Lee et al., 2020).
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2.19. Review of literature summary

Research has highlighted that compression has a place in the world of sport and exercise. There has
been well documented research that assesses compression garment and its role within performance
and recovery. The majority of research have observed no improvements within sporting
performance through the use of compression garments (Daschombe et al., 2011; Higgins et al., 2007;

MacRae et al., 2012; Sperlich et al., 2010).

The gap in the literature suggests that more understanding is needed to determine how compression
influences initial physiological functions when worn, this would provide sports scientists with a
greater understanding into optimising the use of the garments for future use. There has been limited
research surrounding different compression profiles and the influence on physiological mechanisms
on the body. Understanding different compression profiles may provide different levels of responses
on the body which subsequently could influence performance and recovery. Therefore, purpose of
the thesis is therefore to provide more clarity in physiological responses towards the use of bespoke

compression and different types of compression profiles.



2.20. Aims of the thesis

The research aims of the thesis are to investigate the influence of compression on muscle oxygenation
and haemodynamic responses using bespoke compression tights (Figure 2.6). The research to date
has provided equivocal responses findings of how compression can influence performance and
recovery. Reliability of the NIRS in assessing muscle oxygenation through the application of

compression will be the first study which will look to determine future use of NIRS.

The thesis will also explore how oxygenation responses differ when wearing compression socks and
compression tights whilst undertaking the same types of recovery activities. The thesis will aim also
provide further understanding in how oxygenation responds to different types of compression whilst
undertaking recovery specific activities. The PhD will also look to investigate different types of
compression tights and begin to assess how oxygenation may differ based on different levels of

compression pressure.
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Chapter 3. General Methods

The present chapter outlines the procedures that were utilised for the studies within this thesis.
Information will be provided on recruitment, experimental protocols, muscle oxygenation
assessment, use of NIRS, compression assessment and compression manufacturing. All
experimental trials were complete within the laboratories at Nottingham Trent University, Clifton

Campus.

3.1. Participant Recruitment

Participants were recruited via advert and word of mouth. Students were primarily recruited from
Undergraduate and Postgraduate courses. Participants age range was 18-45 years of age. All
participants recruited were recreationally active in a range of sports. Participants were issued with
a participation information sheet that documented details of each study. Participant information
sheets outlined aims of the study, methodological approaches, informed consent, health screen
questionnaire and a covid related questionnaire. Verbal description was also relayed to the

participants prior to the formal data collection phase.

All participants that were included within the trials were male. Females were not recruited due to
difficulty in controlling the menstrual cycle for potential trials.The menstrual cycle has shown to
change haemodynamics (Choi et al., 2013; Colverson et al., 2007). Ideally, females could have been
used within different phases of the menstrual cycle with the application of different compression

garments on, however due to time limitations that Covid brought it was not a suitable option.
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3.2. Ethical Approval

Prior to data collection all studies received ethical approval from Nottingham Trent University
Ethical Committee. All participants completed a participant health information document that
contained information on their general health and readiness to take part within each study.
Participants also were asked to complete a food log 24 hours prior to each visit. Digestion can
influence blood volume subsequently impacting haemodynamic responses, with this in mind,
participants were encouraged to repeat and log consumption of food repeatedly prior to each trial
within all chapters. Participants completed a familiarisation trial where they were informed on the
trials and what was required of them. Participants were made aware that they can withdraw from
the studies at any time. Participants were also made aware that there data will be kept anonymous

and in align with the Data Protection Act 2018.

3.3. Inclusion and Exclusion Criteria

All participants within Chapters 4, 5, 6 and 7 had to be over the age of 18 with no cardiovascular
medical conditions. Participants had to be active and engage within physical activity at least 4 times

per week.

3.4. Height and Body Mass

Prior to testing, anthropometric measurements were taken to determine participants height (cm) and
mass (kg). Participants were asked to take their shoes off prior to having their back to the stadiometer
(Leicester Height Measure Seca, Hamburg, Germany). The primary investigator instructed the
participants to breathe in prior to recording the height. Participant body mass was recorded to the
nearest 0.1kg using Seca 770 digital scales (Seca, Hamburg, Germany). Testing was repeated at

similar times to aid with circadian habits (Dijk and Duffy, 2020).
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3.5.Near infrared Spectroscopy (NIRS)

Two NIRS (Portalite, Artinis Medical Systems BV, Elst, The Netherlands) devices were used to
assess changes in muscle oxygenation. NIRS initially assesses Haemoglobin difference (Hb),
Oxyhaemoglobin (Oz2HDb), total haemoglobin (tHb) and deoxyhaemogbin (HHb) within its raw
format [\muM] and TSI%. The NIRS devices was attached to both the Vastus Lateralis and
Gastrocnemius muscle. Participants had both devices attached to them while carrying out all

activities within the protocol.

Figure 3.1 Porta Lite (Artinis Medical System) devices

3.5.1 Differential Path Factor

Differential Path Factor (DPF) determines the strength of the signal as it penetrates the tissue. The
DPF value for all studies was selected at 4.95, this is based on the anatomical make up of the
Gastrocnemius and Vastus Lateralis (Duncan et al., 1995; Keramidas et al., 2011; Subudhi et al.,
2007; Rodriguez et al., 2019; Smith and Billaut 2010; Billaut et al., 2013). Different anatomical
structures will provided different levels of difficulties for NIRS due to variables such as bone,
adipose tissue and muscle structure. Originally DPF values within the use of NIRS application have

ranged from 3 to 6 (Depay et al., 1988: van der Zee et al., 1990). Duncan et al. (1995) provided
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more specific DPF values when applying to males, females, and infants, for certain anatomical

structures.

Table. 3.1. Range of DPF values in Duncan et al. (1995) study within different structures

Structure Infants Male Female

Forearm 3.53-3.96 4.34-4091
Calf 4.77-5.15 5.90-6.41
Head 4.67—-5.38 6.07 —6.74 5.64 —6.27

3.5.2 Sample Rate and Wavelength

The sample rate was the amount of direction and change per second, to which it is measured in Hertz
(Hz). The sample rate for the use of the NIRS was 10 Hz, which was replicated in all Chapters (4,5
and 6). This sample rate has been widely used within muscle and cerebral oxygenation research
(See Table 3.2). There are 3 optode transmitters on each device, within each trial waves were set at
760nm and 850nm for Chapter 4,5 and 7, this was based on the work conducted by Duncan et al

(1995)

3.5.3 Muscle Location

Prior to NIRS attachment, the belly of the gastrocnemius and the vastus lateralis were shaved to
reduce friction and potential noise that could impact the signal (Lekete et al., 2011). The Vastus

Lateralis location was approximately 15cm directly above the patella (Smith and Billaut, 2013;
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Rodriguez et al., 2019). Once the location was found, the practitioner drew a cross for reference to
which the NIRS device would then attach to the skin surface. When attaching the device to the
gastrocnemius., the practitioner measured the biggest circumference around the medial head
(Southern et al., 2013), to which a cross was again administered on the surface of the skin and used
as reference to attach the device. To reduce ambient light, a bandage was lightly administered across

the devices within the no garment and compression garment trials.

3.5.4 Baseline

NIRS data should be assessed to represent change from a baseline (Perrey and Ferrari, 2018). To
assess concentration changes a baseline (uM) was set prior to each trial. Participants were asked to
remain seated for 5 minutes at the beginning of each trial. The baseline was set when oxygenation
levels were stable for a minimum of 30 seconds. After the baseline was set, the device was then set
live and the participant applied the compression garment then begun the trial. Participants were
instructed to remain as still as possible through the baseline stage mainly in order to “ minimise
motion artifacts” (Perentis et al., 2021). Remaining at rest prior to data collection is a commonly
used as a method in order to gain a baseline reading so that initial muscle oxygenation responses
can be observed (McMcLay et al., 2016; Wong et al., 2020; Perentis et al., 2021; Smith and Billaut,
2010).Different muscles and regions can impact blood flow and oxygenation, for the whole thesis

the same individual positioned the probes for consistency purposes.
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Table 3.2. Near-infrared Spectroscopy instrumentation set up in the literature.

Author Population Device Wavelengths DPF Muscle Sample
(nm) Rate (Hz)
Duncan et al. (1995)  Adults Not displayed 807 Male: 4.95 Gastrocnemius 20
Female: 6.0
Subdubhi et al. (2007)  Adults Oxymon, Artinis, 780 to 850 4.95 Vastus 10
Artinis Medical Lateralis
Systems, Elst,
Netherlands
Rodriguez et al. Adults Oxymon, Artinis, Not 4.95 Vastus 10
(2019) Artinis Medical displayed Lateralis
Systems, Elst,
Netherlands
Smith and Billaut Adults Oxymon, Artinis, 763 and 855 4.95 Vastus 10
(2010) Artinis Medical Lateralis
Systems, Elst,
Netherlands
Billaut et al. (2013) Adults Oxymon, Artinis, 763 and 855  4.95 Vastus 10
Artinis Medical Lateralis
Systems, Elst,
Netherlands
Pilotto et al.(2022) Adults PortaLite ( Artinis 760 to 850 Not reported  Vastus 10
Medical Systems, Lateralis
Elst, Netherlands )
Cherouveim et al. Adults PortaLite ( Artinis 760 to 850 Not reported  Vastus 10
(2022) Medical Systems, Lateralis
Elst, Netherlands )
Zhang et al. (2021) Adults PortaLite ( Artinis Not 55 Anterior 10
Medical Systems, displayed tibialis
Elst, Netherlands )
Andersen et al., Adults PortaMon, Artinis 760 to 850 4.0 Vastus 10
(2021) Medical Systems, Lateralis
Elst, Netherlands
Pramkratok and Adults PortaMon, Artinis Not reported 4.0 Vastus 10
Yimlamai (2021) Medical Systems, Lateralis

Elst, Netherlands
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3.5.5 Adipose Tissue Thickness

Subcutaneous tissue within and between individuals will differ dependent upon muscle structure,
training status and body composition. Increases in adipose tissue thickness above 10mm have
proven to be unreliable within NIRS assessment within the forearm (van Beekvelt, 2002). Skinfold

thickness was measured using calipers (Harpenden Ltd, UK) at the sites of the NIRS devices.

Table 3.3 Skinfold and girth measurements in the thesis.

Chapter 4 and 5 Chapter 6
Gastrocnemius Skinfold (mm) 9.7+4.0 52+3.6
Girth (cm) 39.7+5.2 37.2+3.2
Vastus Skinfold (mm) 11.7+4.3 58+1.5
Lateralis Girth (cm) 56.2+55 52.7+7.8

3.6. Data Processing

Data processing for each trial began with the use of the proprietary software, Oxysoft which is the
manufacturers initial programme that runs with the PortaL.ite devices. Each trial was saved within
its original file format (Oxy-3) through the manufacturers software, Oxysoft (Oxysoft software,
Portalite, Artinis, Medical Systems BV, Elst, The Netherlands). It was then exported to MATLAB
(MATLAB and Statistics Toolbox R2017a, The MathWorks, Inc, Natick, Massachusetts, United
States), using a specific code (oxysoftzmatlab) through the manufacturers guidance (Artinis

Medical Systems).
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Figure 3.2 An example of live NIRS data during an isometric contraction (Hb difference, O2Hb,

tHb, HHD).

3.6.1 Filtering

MATLAB (MATLAB and Statistics Toolbox R2017a, The MathWorks, Inc, Natick, Massachusetts,

United States) was used to create a Low- Pass Butterworth filter with a cut off frequency 0.2 Hz.

Table. 3.4 Comparison between filtered and non-filtered data in oxyhaemoglobin and

deoxyhaemoglobin responses within a trial for one participant.

N=87930 Oxyhaemoglobin 40.6 +7.9 40.6 + 8.0 p=0.01

N=87930 Deoxyhaemoglobin 12.6+3.8 126 +3.7 p=0.01
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Figure 3.3 Comparison in non-filtered and filtered data in oxyhaemoglobin [O2Hb] responses
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Figure 3.4 Comparison in non-filtered and filtered data in deoxyhaemoglobin [HHb] responses

The importance of filtering NIRS raw data is highlighted in Chapter 5. Filtering of data enables
removal of internal physiological noises (Fekete et al., 2011). Figure 3.3 and 3.4 identifies

differences within filtered and non-filtered data.
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