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Abstract

The effects ofwearing maddo-measure compression garments on exercise performance and
recovery has not been extensively examined. Most of the published research literature has opted to use
6off the shelfd st and die.dsmaljneduwn acddge)pvhiehamsy notn g ar m
provide optimal fitting and consequently may not elicit the expected pressures. The research presented
within this thesis was undertaken to examine the effect of wearing-toaweasure compression
garments, developed using 3D scannargrunning biomechanics and thermal responses. The research
within the thesis also presents novel methodologies for measuring compression garment pressures and

examines the reliability and validity of 3D scanning.

The purpose of the first study was to depea novel method to examine compression garment
pressures and to determine the pressure profile (peak pressure and pressure gradient) on different
aspects of the leg. Fifteen males volunteered to participgée24.6 + 2.0 years, stature 178.9 + 4.5 cm,
body mass 77.4 £ 6.5 kgpean + standard deviation). Garment pressures were assessed from the
malleolus to the gluteal fold using a Kikuhime pressure monitoring device which consists of a pressure
transducer attached to a sensor that transmits presadmeg®to the transducer with a typical error of
measurement of £1 mmHg. The sensor was pulled up the leg in 5 cm incrementslifi@resonal
motion capture was used simultaneously with pressure measurements to quantify the measurement
locations. Pressarassessment was performed on the anterior, posterior, lateral and medial aspects of
the right leg. Pressure assessment was also performed at the anatomical locations used in previous
research defined as the established methtliree mediallower leg, andthree anterior upper leg
locations;Brophy-Williams et al., 2014; Brophyilliams et al., 2015)The main findings from the
study were that peak pressure at the ankle was typically higher when measurements were made on the
posterior (18.3d 27.5 mmHg) and anterior (16.6 to 27.6 mmHg) compared to the lateral (12.4 to 21.2
mmHg) and medial (12.2 to 23.0 mmHg) aspects of the upper, lower and whole leg. The pressure
gradient was steeper when measurements were made on the poséribnd-26.9 mmHg) and
anterior (22.1 to-23.2 mmHg) compared to the lateral1.0 to-15.3 mmHg) and mediat13.9 to-

19.3 mmHg) aspects of the upper, lower and whole leg. The root mean squared difference was smaller
for pressure measurements made on the posi{drB + 0.4 mmHg) compared to the lateral (2.7 £ 0.5
mmHg), anterior (3.1 £ 1.1 mmHg) and medial (3.2 £ 1.1 mmHg) aspects of the whole leg, when
pressure measurements were made using the novel method. When comparing the novel method to the
established nthod, the peak pressure at the ankle was higher when using the novel method (27.5 + 2.2
mmHg) compared to the established method (19.8 + 3.0 mmHg), when pressures were measured over
the whole leg. The pressure gradient was also steeper using the nowved if&th7 £ 2.9 mmHg)
compared with the established methetil(2 + 4.5 mmHg). The measured pressure profile (peak
pressure and pressure gradient) of a compression garment is significantly influenced by the aspect of

the leg, and the posterior aspect shiwiee smallest variation of pressure. Therefore, pressure



measurements should be made using the posterior aspect of the whole leg using the novel method which
provides more pressure measurements compared to the established method which allows a more
informative reflection of the elicited pressure across the whole leg.

The purpose of the second study was to make ratieeasure compression garments that
elicit pressures within and below clinical standards and establish whether pressures and gradients could
be replicated between participants in different garment conditions. Ten males volunteered to participate
(age 24.3 + 4.6 years, stature 181.5 + 1.8 cm, body mass 75.7 + 8@yt standard deviatipn
Based on thredimensional scans of the participprh | ower body, -tomeasure di f f e
garments were manufactured: control, high gradient and asymmefriealcontrol garment was
designed to elicit pressure below clinical standards (< 14 mmHg) with no pressure ghiddiémngh
gradientgarmem was designed to elicit pressure within clinical standardsi (38 mmHg) and to
include a linear pressure gradient from distal to proximal (graduated compressioayfiraetrical
garment was designed to elicit control conditions in the left leghadgradientgarment conditions
in the right leg. Garment pressures were assessed using the method developed in §hadyeoios)
A root mean squared difference analysis was used to calculatevilve imear graduation parameters.
Linear regression showed that peak pressure at the ankle in the left and right leg were: control garment,
13.5+ 2.3and 12.9+ 2.6 asymmetrical garent, 12. 7 2.5and 26.3 3.4 high gradient garment, 27.7
+ 2.2and 27.5: 1.6 (all mmHg, meat standard deviationhe pessure reduction from the ankle to
the gluteal fold in the left and right leg were: control garmentx8% and 7.4+ 3.0, asynmetrical
garment,7.8 + 3.9and 21.% 3.2 high gradient garment, 25¢04.1and 22.3t 3.6 (all mmHg, meart
standard deviatign The results demonstrated that mémeneasure compression garments can be made
to elicit pressures within and below clinicihndards, and to elicit equivalent pressures and gradients

in different participants and between participan

The purpose of the third study was to examine the reliability-(&¢sst, intraand interday)
and validity of 3D scanning to measueg volume. Fifteen males volunteered to participage (24.6
+ 2.0 years, stature 178.9 + 4.5 cm, body mass 77.4 + 6rbday + standard deviatiprThe volume
of the lower and upper legs was examined using two consecutive 3D scans and water displaceme
(criterion) at baseline, 1 hour post baseline (hdig) and 24 hours post baseline (irday). Reliability
(testretest, intra and interday) and validity of the 3D scanner were compared to the water
displacement criterion method, using Blandand Alan | i mi t s of peducteomenent , Pe
correlations,and paired samplestésts.The 3D scanner method provided better-testst reliability
than the water displacement method as the 3D scanner had smaller systematic bias and limits of
agreerent (x£1%, and 35% respectively) compared to the water displacement metha® (@nd 4
7% respectively), for lower leg and upper leg volume measurements. Thaitiaterday reliability
was also better for the 3D scanner evidenced by narrower birgigreement for intrday reliability

(3D scanner: 4%, and water displacement28%) and inteday reliability (3D scanner:-6%, and



water displacement:-96%).The 3D scanner was also found to be a valid method for measuring upper
leg volume as thsystematic bias and limits of agreement were within 10% of volume measurements
made usinghe criterion water displacement methdthe results suggest that the use of 3D scanning
may be aeliableandvalid method to measure leg volume.

The purpose of théourth study was to examine the effect of border removal and region of
interest size on skin temperature outputs of thermal images (thermograms) using a sensitivity analysis,
before and after exercise. Ten males volunteered to particggee2@.5 + 2.8@gars, stature 181.9 +
4.8 cm, body mass 76.2 + 5.3 kpean + standard deviatipriParticipants performed a 30inute
submaximal run on a treadmill and thermograms were captured of the upper and lower, anterior and
posterior legs, before and afexercise using an infrared thermal imaging camera. Temperature data
was extracted from the thermograms using a custom MATLpB®gram which performed 2%
increments of border removal from the unadjusted border, and 5% reductions of the region of interest
size (length reduction) from the unadjusted lengtlensitivty analysis was performed to examine the
influence of border removal and region of interest size on skin temperdheeensitivity analysis
showed that overall, the mean and maximum skin teatyoer had no to small sensitivity to the removal
of the border and region of interest size on the thermograms. However, it was found that the inclusion
of the region of interest bordezducedskin temperature outputs between 60124°C, at baseline and
post exercise. The results suggest that the border of a thermogram should be removed when selecting a
region of interest for analysis. Furthermore, regions of interest should be carefully selected over the
specific area under investigation to reduce thiiémice of hot and cold areas within the thermogram

caused by underlying tissues (muscle and bone).

The purpose of the fifth study was to examine the effect of wearing -toadeasure
compression garments, with different pressure profiles, on thermahsespand comfort perception
before and after exercise. Ten males volunteered to particgee?B.5 + 2.8 years, stature 181.9 +
4.8 cm, body mass 76.2 + 5.3 kpean + standard deviatiprParticipants performed a 30inute
submaximal run on a treadmibhilst wearing four madé-measure compression garments that
differed in pressure and pressure gradi€he garment conditions werg} control garment which was
designed to elicit pressure below cl i n2) gl stan
gradient garment which was designed to elicit pressure within clinical standair@5s (h#Hg) and to
include a steep pressure gradient from distal to proximal (graduated compression), 3) medium gradient
garment which was designed to elicit presswithin clinical standards (185 mmHg) and to include
a shallower pressure gradient from distal to proximal than the high gradient garment, and 4)
asymmetrical garment which was designed to elicit control conditions in the left leg and high gradient
in the right. Thermograms were captured of the upper and lower, anterior and posterior legs, at baseline,
after a warrup and after exercise, usiaginfraredthermal imaging camera. Participants completed a

comfort questionnaire, comprised of multiple visw@alalogue scales, before and after exercise.



Temperature data was extracted from the thermograms using a custom MAPt#dgam which
standardised the regions of interest which were determined using the results from study four. The results
revealed no difrences of mean skin temperature between garment conditions at any time point (
0.05) andmean skin temperature change from baseline to post run ranged betweeh(t@, 1.1i

1.5°C, 1.6 1.8°C and 1.2 1.7°C for the lower anterior and posteriondathe upper anterior and
posterior leg segments respectively, in all four compression garment condBiemeral comfort was

lower for the left leg and right leg in the medium gradient garment (left: 2.9, and right8.0+ 2.7)
compared to the comt (left: 12.7+ 1.8, and right12.8+ 1.6),and asymmetrical (left: 124.1.9, and

right: 11.6 £ 2.2) garment conditionsH < 0.05). The pressure profile elicited by mddeneasure
compression garmesihad no effect on thermal responses, and skin textyres were not elevated to
levels which would be associated with reductions in exercise performance (i.e., > 35°C). However,
compression garments with higher pressures may provide greater discomfortheheisnust be an

optimal balance between weaoemfort and elicited pressures.

The purpose of the sixth study was to examine the effect of wearing-toratsasure
compression garments, with different pressure profiles, on runbiogiechanics Nine males
volunteered to participatage 22.9 + 2.1 yes, stature 182.0 £ 5.1 cm, body mass 76.4 + 5.lkegn
+ standard deviation). Participants performed-ad@ute submaximal run on an instrumented treadmill
whilst wearing made¢o-measure compression garments that differed in pressuesslre gradient.
Thegarment conditions were identicalttmse ofstudy five which were: control, high gradient, medium
gradient and asymmetricgarmentsKinematics, kinetics and heart rate were measured during the run.
Principal component analysis R) was conducted to compare running kinematic and the kinetic
variables of ground reaction force, joint powers, joint moments, joint angles and joint angular velocities,
between compression garment conditions. The PCA results showed no differences between
compression garment conditions for kinematic and kinetic variables, evidenced by a lack of data
clustering. Heart rate was lower in the high gradient (128 + 32 bpm) and medium gradient (127 * 32
bpm) garments compared to the control (133 + 33 bpm) garoedition £ = 0.039 and® = 0.011
respectively. The lower heart rate suggests that radeeasure compression garments do not effect

running kinematics and kinetics but may provide a cardiovascular benefit during submaximal running.

Overall, madgo-measure compression garments can be developed to elicit the same prescribed
pressure profiles between participants. Moreover, the application of 3D scanning used to support the
manufacture of the made-measure garments may also be used to reliably me&sgreolume.
Furthermore, when worn during submaximal running at 20.5 + 0.8°C,-tobadeasure compression
garments with different pressure profiles do not elevate skin temperature to temperatures associated
with performance decrementse(, > 35°CQ, anddo not influence running biomechanics but may

provide cardiovascular benefits as evidenced by reduced heart rate.
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Chapter 1. General Introduction

1.1 Origin of Compression Garments

Compression garments are defined as specialised clothing which consist of elastomeric fibres
and yarns used to apply an external, mechanical pressure on the surface of the body for stabilizing,
compressing, and supporting underlying tisqigcRae et al., 2011Evidence olisingcompression
garments dates back centuries and is recorded @aipris Hippocraticunid501 350 BC). The ancient
Greek physicians believed that dal.l wounds, esp
sitting (Pelty&Radke 2005) lterefore, they used forms of compression to counteract the
effect of gravity and uprightgsture. Over time the understanding of the physiological mechanisms
behind compression garments were identified, and by thedr@ury adhesive compressive bandages
were developed by Thomas Baynton, where they became commercially available to treat venou
insufficiencies. As material and clothing technology improved, the first compression socks were
developed by an inventor and engineer named Conrad Jobst. Jobst suffered from varicose veins, chronic
venous insufficiency, and venous ulcers. However, wiiggiding in a swimming pool he noticed that
his pain was suppressed. He believed that the graduated compression, where highest pressures are
applied at the ankle and reduce vertically, would replicate the experience of standing in the swimming
pool. Throgh t his experience he developed the c¢omme
Gr adi ent (B&gdorfcekal., rR@lb)From these compression stockings beginnings, nureerou
forms of compression garments have now been designed (and incamses/ becomeommercially
available) to target different areas of the body such as: bandaging, wraps, ankle length socks, knee high

socks, tights, full body garments, arm sleeves, topshods.

1.2 Compression Garments in Clinical Practice

Compression garments were first used as a clitieatment to managieep vein thrombosis
(Scurr et al., 2001 xhroniecvenous insufficiencylbegbuna et al., 2003pedemgMosti et al., 2015)
and burns and scafStaley & Richard, 1997)Chronic venous disorder is a common condition of the

lower limbs in humans and can affegpproximately 80% of the adult populatio(Eberhardt &



Raffetto, 2014) Chronic venous disorder includes multiple venmlated conditions.Typical
conditions that manifest from chronic venous disorder are reticular veins, varicose veins, aedema
venous ulces (Meissner et al., 2007)t is widely believed that the pathophysiology of venous
insufficiency is causedy primary valvular incompetence and congenital vein wall weaKxéssg &

Tao, 2018) Compressin garments have been widely used to treat and manage venous insufficiency.
The proposed mechanisms for their efficacy are: increased venous flow, reduced wall distension,
improved haemodynamics, improved valvular function (to reduce venous hypertensiat®cacased

space available for oedenfdiong & Tao, 2018) In clinical practice there are var®w@ompression
garment pressure standards depending on the country where the garments are used. British compression
standards are applied at three distinct classifications, measured in millimetres of mercury (mmHg).
Class 1 (14 17 mmHg) garments are apgdli for varicose veins and mild oedema. Class 2 (28

mmHg) garments are applied for severe varicose veins, mild oedema, and the preverdgimousf

ulcer recurrence. Class 3 (285 mmHg) garments are applied for severe varicose ygngphlebitic

limbs, ulcer prevention/recurrence and chronic venous insufficiefanson, 2002Medicalgrade
compression garments incorporate graduated compression which implies that the garment elicits high
pressures at the distal end, with the pressure gradually reducing towards the proximal end of the
garment. lhas been proposed that applying a pressure gradient improves venous blood flow and venous
return (Agu et al., 1999) It has been demonstrated that individuals with symptoms of venous
insufficiency benefitted from wearing compsamn garments which elicited pressure between 20

mmHg (Amsler & Blattler, 2008) It has also been found that a 4 week application of compression
bandaging significantly redudearm lymphoedema by 38% from baseline val(MsNeely et al.,

2004) Although there is evidence to support the use of compression garments to treat venous disorders,
consistentevidence of a pressure threshold which allows improvements in venous haemodynamic
responses is not known within the dieal literature(Beliard et al., 2014)Furthermore, this matter is
further conplicated by the fact that different pressure classifications are used by different cofortries;
example, in the United Kingdom (UK), France and Germany, specific compression garment pressures
correspond to different classificatioffodd, 2015) which increases the difficulty of comparing

beneficial pressures within the clinical compression garment res@aole 1.1).



Table 11. Clinical compression classifications used in the UK, United States of America (USA), France

and Germany.

Classification UK USA France Germany
I 14117 mmHg 1520 mmHg 10 15mmHg 18121 mmHg
Il 18/ 24 mmHg 20-30 mmHg 15120 mmHg 23i 32mmHg
[l 25 35mmHg 30-40 mmHg 20i 36 mmHg 34i 46 mmHg
v N/A >40 mmHg >36 mmHg >49 mmHg

1.3 Compression Garments in Sport

The use of compression garments within sport began to increase during the 1980s as the
knowledge of their clinicagfficacy gained interest within sport and such apparel became more easily
available. Compression garments are now used during sports pererasmmwell as during recovery
from exercise by a variety of athletes. A recent studifdayke and colleagues (202dyestigated the
use of compression garments by athletes and their results demonstrated that out of the 512 participating
athletes, 88.1% and 11.9% were endurance athletes andendarance athletes respectively.
Furthernore, 84.7% of the endurance athletes were runners. The rationale for wearing compression
garments also differed between athletes. In total, 47.5% of athletes used compression garments to
prevent reinjury, 14.5% used compression garments to reduce sympmbarsexisting injury. Other
rationales for wearing compression garments included injury prevention (13.6%)xposte
recovery (143%), sports performance enhancement (8.8%) and to improve appearance (0.2%).
Although many athletes wear compressiomgants to prevent injury or fi@jury during exercise, there
is currently no published research literature that definitively indicates that compression garments have
these sorts of prophylactic effects. The published research literature typically extmaiaéfcacy of
wearing compression garments on exercise performance and recovery. However, the results of the
published studies in this research area are very unclear, as some have demonstrated beneficial effects
of wearing compression garments on exerpisrformance and recovegBrown et al., 2017Marqués

Jiménez et al., 20)6vhereas others have roa Silva et al., 2018).



Despite the limited evidence to support the use of compression garments in sport, world records
have been achieved whilst weariogmpression garmen(éli et al., 2011) For example, 20 km run
performancéLornah Kiplagat, 1:02:57, Udine, Italy, 2007), treadmill marathon performance (Michael
Wardian, 2:23:58, Texas, USA, 2004) and outdoor marathon performance (Paula Radcliffe, 2:15:25,
London, UK, 2003) world records have all been achieved whilst wearitly garments. Multiple
factors contribute to these great achievements, rather than these being solely due to wearing
compression garments obviously. However, t he at
highlights the belief and confidence in thdlityt of such garments. In an article series titled "Five
Questions Withé" January (2021) Paul a -detartec | i f f e,

runners, was asked: AWhat running product under

Paula Ratél f f e r e Gompressiom dacks. hey help with blood circulation over longer
raceso. She also added that wearing compressi

pai no.

There are many mechanisms that have been suggested to explain they effiovearing
compression garments during exercise. These incloelduced muscle oscillation, which may
subsequently reduce muscle fibre recruitment and improve ecaiBsingard et al., 2006; Broatch et
al., 2020; Hsu et al., 201,68nhanced haemodynamics, as compression garments compress superficial
veins, which reduces their diameter (vasoconstriction), which in turn increases ttigyvafidolood
flow and reduces venous pooliflflacRae et al., 2011Born et al., 2018 Furthermore, increased
velocity of muscle blood flow may assist the removal ofahelites (i.e., lactate), both during exercise
and during recovery from exerci¢Berry & McMurray, 1987; Rimaud et a010) Greater muscle
oxygenation has also been suggested as a mechanism which may provide performance enhancements
(Coza et al., 2012; Ménétrier et al., 20Rihally, the use of compression garments has been proposed
to reduce the perception of effort during exerdBallmann et al., 2019)However, it should be
reiterated that theyblished research literature has consistently failed to definitively evidence any

beneficent physiological mechanisms when wearing compression garments during exercise.



The typically equivocal findings of compression garment research studies may be af riwul
heterogeneity of study designs which makes comparisons between the research difficult. For example,
there has been a large diversity of exercise modalities, garment types and coverage, garment elicited
pressures, duration of wear and study poputatused in the published compression garment research
literature (Beliard etal., 2014; Hill et al., 2014; MacRae et al., 2Q1hherent limitations in the
procedures and methods adopted by compression garment research studies may also contribute to the
disparate and often conflicting findings that are apparent when seersimgbr studies are compared.

Many studies typically use 6off the shelfd stanct
on anthropometric features such as body mass saatlire or sized based on other specific
categorisations such as small,dingn and larggdMacRae et al., 2011However, it is likely that even

individuals who fit within the same garment sizing category will tdifferent body shapes and size,

as well as variations in tissue structdr#l et al., 2014) As a esult, different pressures and pressure
gradients may be experienced by a studyobs partic
below those required forahmodynamic improvemeni{®rown et al., 202Q)which may limit the

efficacy of a compression garment intervention. Therefore, it may be beneficial to usemaaesure
compression garments which are sized specifically for an individual based on their specific body
geometry. This may provide an apal fit as well as allow similar pressures to be experienced within

a study population. Recently some studies have been published that investigated the effectaf made
measure compression garments, designed using 3D scanrtimgpafrticipant$ body geonetry, on

recovery from exercis€Brown et al., 2020; Brown et al., 2021jlowever, no research has been

conducted to investigatedteffect of such garments during exercise.

Given that madéo-measure compression garments may not be feasible for some studies, the
pressure elicited by the standard sized garmasési as the alternativeust be directly measured and
reported. To nota@so is a crucial limitation of any study performed in this area of research. However,
much of the published compression garment research literature that has used standard sized
compression garments have not reported the pressures elicited by the greyaused, or they have

relied on manufacturer reported values rather than directly measuring the pressures elicited by the



garment use¢Hill et al., 2015) As a result, any benefits of wearing compression garments cannot be
accurately linked to specific elicited pressures, particularly when it has been demonstrated that
manufacturer reported pressuwalues (typically generated using wooden leg models) are not
necessarily accurate indicators of the actual pressures elicited in human part{¢tpaisth, et al.,

2006) The accurate reporting of the pressures elicited by specific compression garments would aid
considerably the future prescription of the oplipr@ssure values that should be applied given specific
sporting requirements. Furthermore, by measuring and reporting the elicited pressures of standard sized
compression garments, the variation of pressures experienced within a study population could be
identified and quantified. However, there is no definitive standard methodology used within the
published research literature to measure garment elicited pressures. As a result, a standard methodology

to measure the elicited pressure of compression gasrisergquired.

The placebo effect is a potential issue that must be controlled for within compression garment
research, as participants may have preconceived beliefs in their effidaciRae et al., 201150me
of the published research literature has used loose fitted clothing or garments with elicited pressure that
is greatly reducedArmstrong et al., 2015; de Glanville & Hamlin, 2012; Higgins et al., 2009)
However, norcompressive or loosely fitted clothingrcle easily distinguished from a compression
garmeni{Kraemer et al., 1996Brophy-Williams and colleagues (201Bighlighted a potential placebo
effect as they found that participants who believed in the efficacy of compressiments performed
better in consecutive 5 km time trials compared to participants that did not believe in the efficacy of
such garments. Systematic reviews have highlighted the difficulty of developing an appropriate placebo
design and the requiremefar further investigation of strategies to overcome the possible placebo
effects within compression garment research studies is clearly reuér&ilva et al., 2018; MacRae
et al., 2011) Therefore the development of an effective placebo to offset any placebo effects within

compression garment research has potential utility.

1.4.Type of Sports Compression Garments
Thereare many different types of sports compression gasriat are used in thresearch

literature which provide coverage over different aredthe body. Some garments aesignedor the



lower body such as compression socks, tigsttertsand calf sleeves. Conversely, soocoenpression
garments aralesignedfor the upper body such as compression tops and arm slédvesover,

compression suits ae¢soavailable which offer whole bodyoveraggFigure 1.1).

Full Body Socks Tights  Calf Sleeves Arm Sleeves Shorts Tops

ANV R

Figure 1.1. Demonstrates diffent forms of sports compression garments whichuaesl within the
compression garment resealitbrature
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15. Summary and General Aims

There is an accumulation of evidence to support the use of compression garments in clinical
practice. However, suchvielence to support their use within sporting environmanig situations,
particularly with respect to improving exercise performance or enhancing the recovery process, is
limited at best. The ambiguity within the findings of the research that has been conducted previously is
likely due to many factors includirthe use of standard sized garments and the lack of measuring and
reporting elicited garment pressures. Therefore, the general aim of this PhD was to overcome the
identified limitations ofthe previously published research by using mtmmeasure compress
garments in the studies conducted in this thesis, as well as by developing a novel method to directly
measure pressures elicited by the compression garments used. Furthermore, the PhD aimed to examine
the use of mad-measure compression garmentsronning biomechanics and thermal responses
which has received limited examination up to now. The specific studies described in the remainder of

this thesis are outlined Figure 1.2



1.6 ThesisExperimental Chapters, Aims and Structure

Chapter Title: Chapter Aim(s):

.

To introduce the history of compression garments and introduce the
use of compression garments in clinical practice and sport.

A AR NN AN N RN NN NS NN NN NEEEEEEEENEESEEEREEEREEEREREEEP

[ Chapter 1: General Introduction.

FETTTI)
To examine: 1) the current research literature findings involving the
use of compression garments during exercise performance, 2) to
examine the evidence which supports the mechanisms that may be
influenced by the wearing compression garments, and 3) to highlight
the gaps and limitations within the published literature.

0
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Chapter 2: Review of Literature.
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To provide a detailed overview of the key methodologies used in the
experimental studies of this thesis.

SN EE I IR R R EE RN EEEEEEEEEEIEEEEEEEEEEEEEEEEESEEEEEEEEEEEES

Chapter 3: General Methodology.
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. 0

To develop a novel methodology to measure compression garment
pressures and pressure gradients, and to examine if the pressure and
pressure gradient is influenced by the aspect of the leg pressure
measurements are made on.

.
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profiles in sports compression garments.
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[ Chapter 4: A novel methodology for measuring pressure
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To manufacture made-to-measure compression garments that elicit
pressures within and below clinical standards, and to establish
whether pressure profiles can be replicated within and between
participants’ legs, and between compression garment conditions.

Chapter 5: Customised pressure profiles of made-to-
measure sports compression garments.
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To examine the reliability (test-retest, intra-day and inter-day) of a
3D scanning system (Artec Leo) and water displacement method for
measuring leg volume, and to examine the measurement validity of
a 3D scanning system (Artec Leo) for measuring leg volume
compared to a water displacement method.
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dimensional scanning system to measure leg volume.
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( Chapter 6: The reliability and validity of a portable three-
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To examine the effect of reducing leg analysis region of interest
dimensions and border removal on skin temperature outputs (mean,
maximum and standard deviation).
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Chapter 7: The effect of thermogram border and region of

interest size on skin temperature outputs before and after

running exercise.
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.
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.

To examine the effect of wearing made-to-measure compression
garments, with different pressure profiles, on leg skin temperature
and participant perception of comfort before and after running
exercise.

.
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4 . .
Chapter 8: The effect of made-to-measure compression
garments on thermal responses and perception of comfort

before and after running exercise.
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To examine the effect of wearing made-to-measure compression
arments, with different pressure profiles, on submaximal running

(Chapter 9: The effect of wearing made-to-measure
and kinematic, using a principal component analy

compression garments on running biomechanics.
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« To highlight and discuss the key outcomes of the studics in this
= thesis and explain the practical application and impact of the work.
= To highlight limitations of the experimental studies and to provide
H
%

[ Chapter 10: General Discussion and Conclusion.

recommendations for future research using spotts compression
garments.
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Chapter 11: References.

<

To provide supplementary information including ethical
applications, consent forms, health screens and data collection
forms.
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[ Chapter 12: Appendices.
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Figure 1.2. An ovewriew of the thesis structure and chapter titles and aims.



Chapter 2: Review ofthe Literature

2.1 Introduction

This chapter discusses the beneficial, negative and trivial effects of wearing of compression
garments in various sportirsifuations. Furthermore, the chapter critically discusses factors which may
contribute to the equivocal research findings that are typically seen when the compression garment
literature is interrogated. The chapter also summarises the published redeaatirdi which has
investigated the potential mechanistic explanations for why wearing compression garments could
improve exercise performance and / or enhance the recovery process following exercise. Finally, the
literature review discusses the sizing dih@f compression garments as well as the pressure devices
and techniques used to quantify the pressures elicited by compression garments. Tables, succinctly
summarising the design and findings of published research studies which have examined shaf effect
wearing compression garments, have been specifically developed for each section of the literature

review.

2.2 Maximal and Submaximal Endurance Performance

A number of research studies hameestigated whether compression garments aid endurance
performance(Burden & Glaister, 2012; Dascombe et al., 2011; Kerhervé et al., 2017; Scanlan et al.,
2008; Sperlich et al., 2010)Successful endurance performance is not dependent on a single
underpinning mechanism or characteristic, rather, there are many simultaneous mechanisms or
characteristics which contribute to the endurance capabilities of a sports performer when exercising.
The mechanisms which contribute to exercise endurance arienahaxygen uptake, lactate threshold,
muscle capillary density, stroke volume, maximum heart rate, haemoglobin content, anaerobic enzyme
activity, power output, muscle fibre composition, cardiac function, muscle blood flow, muscle
oxygenation, metabolitgdearance, biomechanics aaxbnomy(Fallowfield & Wilkinson, 1999; Joyner
& Coyle, 2008) Many studies havexamined the effect of wearing compressiamgents on different
endurance exercise tasks such as time to exhagKgommler et al., 200Rimaud et al., 201Bperlich

et al., 2019, time trials (Brophy-Williams et al., 2019Scanlan et al., 2@) Kerhervé et al., 2017;



MacRae et al.,, 2012and fixed-load exercise(Ali et al., 2010; Areces et al., 2015)Although
compression garments have been shown to both imkaramler et al., 2009and impair(Rider et

al., 2014)endurance performance, arguably, the weight of evidence in the existing published research
literature suggests that compression garments provide no improvements to endurance performance.
Rider and colleagues (201dYamined the effect of wearing below #ree compression stockings on
running endurance. Ten, cresguntry runners performed a run to exhaustion on a treadmill with and
without (control) wearing compression stockings that elicited pressure of 20 and 15 mmHg at the ankle
and calf respectively (manufacturer reported valudsh e st u d ysbowed that swedrings
compression garments reduced time to exhaustion compateéd tmntrol condition(compression
stocking:23.57+ 2.39 minvs. control:23.93+ 2.49min, P = 0.04) Although statistically different, the
difference between time to exhaustion was less than half a nimitenlerand colleague@009)also
examined the effect of wearing below knee compression stockings on running endurance-oheenty
moderately trained athletes performed a run to exhaustion on a treadmill with and witimbrgl) c
wearing compression stockings that elicited pressure of 24 a2 t@nHg at the ankle and calf
respectively (manufacturer reported value®/earing compression garments increased time to
exhaustion compared to the control conditioompression stking: 36.44+ 3.49 min vs. control:

35.03+ 3.55min, P < 0.05,d = 040). In another studySperlich and colleagues (201&¥amined the

effect of wearing different types of compression garments on running endurance. Fifteen trained runners
performed a run to exhaustion on a treadmill wearing compression stockings (below kneek tights
whole body garment or no compression garnfeontrol). Theelicited pressure of each garment was
targeted to be 20 mmHg, but this was matasured directly (a common issue with many studids.
studybés results indicated that there were no di:
conditions P > 0.05). Similar results, namely little evidence of a beneficial effect of wearing
compression garments, have been observed in studies that have used cycling and running time trial and

fixed-load endurance exercise protoc@i et al., 2011; MacRae et al., 2012; Scanlan et al., 2008)

There are some factors that may explain the ambiguity of findings within the published research

literature.The pressure elicited by compression garments differ between studies and a rd3édiardy

10



and colleague&014)showed that measured pressure in the reviewed studies varied from 1.1 to 34.3
mmHg at the ankle and from 8.0 to 27.0 mmHg at the calf. Furthermore, theynfmimftuience of the

level of compression on exercise performaogeEomes, which was also noted more recgiMigta et

al., 2020) However, thevast majority of the studies in the published literature which have examined
the efficacy of compression garments have not directly quantified the elicited predstire
compression garments used and only report the manufacturer claimed pressurelfvgaresent
pressures are not directly measured it is difficult to be confident of the pressures elicited by the garment,
particularly when it has been shown that garment pressures can vary between individuals even if they
fit within the same sizing categofBrophy-Williams et al., 2015; Hill et al., 2015iven that pressures

vary between participants, it may be beneficial to investigate individual participant responses to
establish if the performance outcome of a participant is related to the pressures esghérientgh
pressures = beneficial effects; low pressures = no effect). The type of compression garment used also
differs between studies with compression socks (stockings), tights, calf sleeves, shirts arlzbadsnole

suits all reported in the literairlt is possible that the type of compression garment used may influence
exerciseperformance and the effect of different types of garment requires further investigation.
However, regardless of the influence of the factors discussed ahwretly the weight of evidence

in the existing published research literature suggests that compression garments have no effect on

endurance performance (and this Tasde2d!l ear fr om

11

t

h



Table 21. Summaryof the published research literature investigativeginfluence of compression garments on endurance performance.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Areces et 40, male, Between group  Marathon running Endurance  Socks 207 25 Marathon Zz No effect
al., (2015) marathon (compression vs. (manufacturer performance performance
runners control) values) time (P >0.05)
Dascombe 11, male, Within group Progressive max Endurance  Tights Regular-sized Time to Zz No effect
etal., competitive (RCT:regular fit running test Upper Leg: 13.7+ exhaustion  exhaustion performance (
(2011) runners vs. undersized fit  (PMT) & time to 2.3 performance > 0.05)
vs. control) exhaustion run @ Lower Leg: 19.2 time
90% VOpmax +3.2
Undersized
Upper Leg: 15.9 +
2.6
Lower Leg: 21.7
+4.3
Sperlich et 15, well Within group Run to exhaustior Endurance  Socks, 20 Run to Zz No effect
al., (2010) trained, (RCT: compression test tights & (not measured exhaustion exhaustion performance
endurance socks vs. whole based on previous performance (P=0.16)
athletes compression tights body article) time
vs. whole body
compression vs.
control)
Kemmler 21 males Within group Run to exhaustior Endurance Stockings Calf: 1820 Run to ¥ Increase in time to
et al., (RCT: compression test Ankle: 24 exhaustion exhaustion
(2009) vs. control) (manufacturer performance (P<0.05d=0.4)
values) time
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Table 21. Summary of th@ublished research literaturevestigating the influence of compression garments on endurance perfolc@ntasieqd.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)

Ménétrier 14, male, Within group Run to exhaustior Endurance Calf Calf: 27 Ankle: Run to z No effect
etal, moderately  (RCT: compression @ 100% max sleeves 15 (manufacturer  exhaustion exhaustion performance
(2011) trained vs. control) aerobic values) performance (P >0.05)

ventilation time

Del Coso 40 triathletes Between group Half-iron-man Endurance Ankle-to- Not reported Half-ron-man Zz No ef fect
etal., (compression vs. triathlon knee triathlon race race performance
(2014) control) stockings time (P>0.05)

Rider et 7 male,3 Within group Treadmillrunto Endurance Stockings  Ankle: 20 Calf: Run to Z Decrease
al., (2014) femalecross (RCT: compression exhaustion 15 (manufacturer  exhaustion exhaustion
country vs. control) values) performance (P <0.05)
runners time

Brophy 12, male, Within group 5km running TT Endurance  Socks Calf: TT1&TT2 Zz No e fTTkand

Williams trained (RCT: compression (TT1) & 60 min 37+4 performance TT2 between conditions (I
etal., runners vs. control) rest & subsequen Upper ankle: time > 0.05)

(2019) 5 km running TT 31+4
(TT2) Lower ankle: Z Perfor manc
234 was significantly reduced
from TT1to TT2 in the
compression condition
(P <0.001d=0.67)
Scanlan et 12, male, Within group 1hrcycling TT & Endurance  Tights GM: 9.1+2.2 TT cycling Z No effect
al., (2008) trained (RCT: compression incremental cycle VL:14.9+2.3 performance performance
cyclists vs control) to exhaustion test Calf: time & cycle (P > 0.05)
17.3 + 3.0 Ankle: to exhaustion .
19.5+3.4 performance ~Z No effexd
time incremental cycle to

exhaustion time
(P > 0.05)
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Table 21. Summary of th@ublished research literaturevestigating the influence of compression garments on endurance perfolc@ntasieqd.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Berry & 6, highly fit, Within group VOomaxtestin 2 Endurance Stockings Ankle: 18 Calf: 8  VOomaxtest z No effect
McMurra, males (compression vs. min stages (time to exhaustion performance
(1987) control (time to exhaustion) (P>0.05)
exhaustion) time
Rimaud et 8, trained Within group Maximal Endurance Stockings  Calf: 22 Ankle: Cyclingtestto 2 No ef f ect
al.,, (2010) males (compression vs. incremental 12 (manufacturer  exhaustion exhaustion performance
control cycling test to values) performance (P >0.05)
exhaustion (work time
increased 30 W
every 2 min)
Ali et al., 9 male, 3 Within group (low 10 km running TT Endurance  Below Low 10kmrunning Z No ef fect
(2011) female runners  vs. med vs. high on an outdoor knee Ankle: 15 TT km TT time
compression vs. track stockings Knee: 12 performance (P =0.99)
control) time
Med
Ankle: 21
Knee: 18
High
Ankle: 32
Knee: 23
(manufacturer
values)
Bieuzen et 11 male, Within group Simulated 15.6 Endurance  Below 25 Simulatedtrail Zz No ef fect
al., (2014) trained (RCT: compression km trail race (6.6 knee (constant race trail raceperformance
runners vs. control) km uphill & 9.0 stockings pressure) performance (P >0.05)
km downhill) time
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Table 21. Summary of th@ublished research literaturevestigating the influence of compression garments on endurance perfolc@ntasieqd.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Varela Part 2: Part 2: Part 2: Endurance Socks 1571 22 Run to Zz No effect on run to
Sanz etal., 12, endurance Between group  Run to exhaustior (manufacturer exhaustion exhaustion test
(2011) trained (compression vs. test @ 105% values) time (P>0.05)
runners control) particip .
10 km time (17 Note: participants ran for
2 kmhrl) 13% longer in the
compression group(=
0.32)
MacRae et 12, trained Within group 60 min fixedload Endurance Full Body CSG Cycling6km  Z No effect on cycling 6
al.,(2012) male cyclists  (RCT: oversized cycling at ~65% Forearm: 13 time trial km TT performance time
(OSG) vs. correctly  VO2max& 6 km Thigh: 11 performance (P>0.05
sized (CSG) time trial Calf: 15
compression
garment vs. control’ 0SG
Forearm: 9
Thigh: 8
Calf: 13
Kerhervé 14, trained Within group 24 km trail run  Endurance Calf Calf: 24 km trail run Z No effect on 24 km trail
etal, males (RCT: compression sleeves 23+ 2 performance run performance time
(2017) vs. control)

time (P>0.09

VL = Vastus Lateralis; GM = Gluteus Maximum; RCT = Randomised Control M@jmnax= Maximal Oxygen Consumption; \\&@ Oxygen Consumption; W = Watts; CSG
= Correctly Sized Garment; OSG = Over Sized Garment; TT = Time Zrsignificant decreasé, significant increaseZ no change
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2.3 High Intensity Sprint Performance

Single and repeated sprints that are separated by short recovery periods are routine in team
sports such as football, rugby and hoci@ySalvo et al., 2007; Spencer et al., 200%jere are multiple
factors which may contribute to repeated sprint performanceding/uneuronal and metabolic factors
such as muscle fibeecruitment, aerobic and anaerobic energy production, and the &bitiégover
between repeated sprints or short duration, high intensity exéisb®p et al., 2011; Bishop & Edge,
2006; Turner & Stewart, 2013)Given that compression garments may influence the factors that
contribute to successfaingleand repeated sprint exercise, some research has suggested that wearing
compression garments during sprints may be beneficial for perforrfamceet al., 2013)It has been
shown that wearing a whole body compression garment during high intensity intermittent exercise
increased muscle oxygenation compared to wearing no gaf®eat et al., 2010)The increase in
oxygenation availability may delay the progression of fatigue during intense intermittent exercise
(Tachi et al., 2004)Furthermore, blood flow has been shown to increase dstbgaximal and
maximal exercise, when wearing compression garni8ntmtch et al., 2017; Dasmbe et al., 2011)
The increase of blood flow during exercise, particularly during repeated sprint exercise, has been
suggested to improve anaerobic waste remadwal lactate)(Berry & McMurray, 1987) Although
some evidence suggests that the removal of lactate is increased following €Radaset al., 2014)
the existing research does not support this notion during exercise as blood lactate concentraiions do
seem to be influencedy wearing compression garmerf®orn et al., 2014; Broatch et al., 2017;
Faulkner et al., 2013)The wearing of compression garmeirtsreasesnuscle pump function and
venous return in clinical practi¢agu et al., 1999; Watanuki & Murata, 19%H)d it has been suggested
that these mechanisms may explain the elevated blood flow during exercise. Many different single
sprint and repeated exercise tests have been utilised within the published compression garment literature
which include different sprint distances (15 #00 m)(Houghton et al., 2009; Venckunas et al., 2014)
and different exercises tasks such as cycling, running and team sport sim(isibnann et al.2019;
Faulkner et al., 2013; Higgins et al., 200dpwever, inconsistent findings exist within the published

literature. In a two part study Bornand colleagues (2014participants performed 30 x 30 m sprints
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with an active recovery jog back to the start line in part one and part two of the study, with and without
wearing compression tights. In part one of the study, sprint toaeliorespiratory, metabolic,
haemodynamic and perceptual responsese examineduring the exercise. In part two of the study,

sprint time,neuronal and biomechanicedsponses were examined. The results in part one showed
sprints 2130 were completed faster in the compression garment con{Rien0.02,d = 0.37) and

these resultsvere replicated in part tw¢P = 0.01, d = 0.61) o f the study. Partici
perceived exertion was lower, hip flexion was reduced and step length was increased in the compression
garment condition. The authors concluded that compression garimgnts/e 30 m repeated sprint
performancédy reducing perceiveexertion and by altering running techniqBeoatch and colleagues
(2017)also found beneficial effects of wearing compression tights during 4 sets of 10 x 6 second cycling
sprints. The results showed that when averaged over all of the sprints, peak power was higher in the
compression garment condition compared to the no compression (control) condition (compression =
773.4 £ 198.3vatts control = 733.6 + 196.@atts P < 0.05). Conversely, other research has found no
benefits of wearing compression garments on single or repeated sprint exaveiseand colleagues

(2003) examined the effect of wearing compression shorts on 60 m sprint performance. Participants
performed 2 x 60 m sprints while wearing compression shorts cowtitompressioshorts (control).

Hip and knee joint range of motion were measured during each 60 m sprint. The results showed that
during the 60 m sprint, hip range of motion was reduced in the compression garment coRdition (
0.04). The reduction of pirange of motion agrees with the findingsBafrn and colleaguef2014)

However, 60 m sprint times were not different betweerditmms P > 0.05). Other studies have also

found no effect ofvearing compression garments on high intensity sprint perforn{&scehardt &
Anderson, 2005; Duffield et al., 2008; Duffield & Portus, 200Z)ven, that wearing compression
garments have been shown to improve high intensity sprint performance for some exercise tests but not
others, it may be posdéthat beneficial effects are test and mode speéiic example, iTable 2.2

the included studies that involved cycling sprints typically benefitted from wearing compression
garments, whereas the included studies that involved 20 m running sprintedshowbenefits.
Furthermoreas seems emblematic of research in this area, many of the studies did not measure or report

the pressures elicited by the garment they y8sinhardt & Anderson, 2005; Doan et al., 2011;
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Duffield & Portus, 2007; Higgins et al., 2009; Houghton et al., 2089such, while it is possible that
compression garments may produce beneficial effects on high intensity sprint performance, until
elicited pressugs are accurately quantified, this hypothesis is difficult to examine robustly. Thus, further
research is warranted to examine the effect of different garment pressures on sprint performance using

a range of sprint tests and distances.

18



Table 22. Summaryof the published research literatimgestigating the influence of compression garments on sprint performance.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Born et al., 12, female Within group Sub study 1:30 x Running Tights Sub study 1: 30x30m Sub study 1:
(2014) athletes (compression vs. 30 m sprints maximd GM:18.3+4.1  sprinttime y Faster 30
control) sprints RF:19.0+49 for sprints 1120 (P = 0.09,
Sub study 2:30 x VL:17.5+4.4 d = 0.14) and sprints 230
30 m sprints BF:19.6 +4.7 (P =0.02d=0.37).
Gast: 21.7 £ 6.0
Sub study 2:
Sub study 2: y Faster 30
GM:20.2+4.3 for sprints 1120 (P = 0.08,
RF:20.2+4.9 d = 0.25) and sprints 230
VL:18.2+4.1 (P=0.01d=0.61).
BF:19.5+5.6
Gast: 19.9+5.6
Higgins etal., 9, netball Within group 15 min simulated  Running Tights Not reported 20 msprint Zz No effect
(2009) players (RCT: netball circuit with  maximal time sprint time
compression vs. 20 m sprints in the  sprints (P>0.05d=0.23)
placebo vs. 14™ min
control)
Duffield & 10, male, Within group 30 min intermittent, Running Whole Not reported 20 m Zz No effect
Portus, (2007) club level (RCT: 3 different repeatsprint maximal body repeated repeated sprint time
cricketers compression exercise protocol sprints (Skins, sprint time (P >0.05)
garment brands vs consisting of a 20 m Adidas &
control) sprint every 1 min, Under
separated by 45 s 0 Armour
submaximal
exercise
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Table 22. Summary of the published research literature investigating the influence of compression garments on sprint pedomntiaunes. (

Authors Participants Design Protocol Exercise ~ Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Faulkner et 11, mde, 400 Within group Six, 400 m sprints  Running Tights, Tights: 400 m sprint Zz No effect
al., (2013) m runners (RCT: maximal shorts & ACH:6.2+1.2 time sprint time
compression tights sprints calf MTJ: 10.1 + 2.7 (P >0.05)
VS. compression sleeves MG: 13.2+2.5
shorts vs. LG:13.2+2.9
compression calf ITB: 5.6 +0.7
sleeves vs. control MQ:7.1+0.6
TFL:2.0+£1.0
MGL: 6.2+ 1.2
Sleeves:
ACH:14.2+2.4
MTJ: 16.6 + 2.2
MG:19.9+2.4
LG:20.7+1.5
Shorts:
ITB:5.4+15
MQ:7.6+1.3
(Ballmann et 12, male, Within group 2 x 30 sec Cycling Tights Ankle: 157 20 2 x 30 sec gy I ncreased
al., (2019) collegiate (RCT: Wingate test maximal Thigh: 61 10 Wingate test output
basketball compression vs. sprints (manufacturer power & (P =0.028d=0.35)
players control) values) work
y I ncreased
(P =0.027d=0.36)
Doanetal, 10, male & Within group 60 m sprint Running Shorts Not reported 60 m sprint z No effect
(2003) female, track (RCT: maximal time sprint time
athletes compressions. sprints (P >0.05)
control)
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Table 22. Summary of the published research literatowestigating the influence of compression garments on sprint perforrf@mtaued.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Bernhardt & 10 males & 3 Within group One, 20m sprint Running Shorts Not reported 20m sprint z No effect
Anderson, femaks (RCT: maximal time sprint time
(2005) compression vs. sprints (P>0.05)
control)
Houghton et 10, male, Within group 4 x 15 min LIST Running  Shorts & Not reported 15 m sprint Zz No effect
al., (2009) field hockey (RCT: protocol includinga maximal top time sprint time
players compeession vs 15 m sprint at the sprints (P >0.05)
control) end of each stage
Broatch et al., 9 males & 11 Within group 4 sets ©10x 6 s Cycling Tights Thigh: Sprintpeak § I ncreased
(2017) females, (RCT: max sprints with 24 maximal 11.7+23 power during the repeatesprints
recreationally compression vs. s recovery between  sprints Calf: (P =0.001)
active control) sprints & 2 min 26.4+6.4
recovery between Ankle:
sets 215+82
Duffield et al., 14, male, Within group 5x 20 mrepeated Running Tights Not reported 20 m sprint Zz No effect
(2008) rugby players (RCT: sprints potocol maximal time sprint time
compression vs. following a sprints (P >0.05)
control) simulated team
sport exercise
Venckunas et 13, healthy, Within group 400 m sprint Running Tights Thigh: 400 m sprint z No effect
al., (2014) females (RCT: following 30 min maximal ~17 time sprint time
compression vs.  steady state (7:30  sprints Calf: (P >0.05)
control) min/mile pace for 4 ~18

km)

RCT = Randomised Control TridgM = Gluteus Maximum; RF = Rectus Femoris; VL = Vastus Lateralis; BF = Biceps Femoris; Gast = Gastrocnemius; ACH SMEhi#Hdysculotendinous
Junction of Gastrocnemius and Achilles; MG = Medial Gastrocnemius; LG = Lateral Gastrocnemius; ITB= Midiliotibial BandvliblQuadriceps; TFL = Tensor Fascia Latae; MGL: Mid
gluteal; LIST = Loughborough Intermittent Shuttle Téssigrificant increasez no change
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2.4 Running Economy and Biomechanics

Running economy is defined as the energy required for a standardised velocity of submaximal
running and isestablished by measuring the steady state oxygen consumytiah ds well as the
respiratory exchange ratio at a particular velo®gunders et al., 2004 unning economy is strongly
correlated with running performance and a 5% improvetimeminning economynay translate into a
3.8% improvement in distance running performat@dlowfield & Wilkinson, 1999) In elite runners,
running economy has been shown to be a superior predictor of performance compared to maximal
oxygen uptake\(®:zmay (Morgan et al., 1989)Runners with good running economy use less oxygen
compared to runners with poor running economy when running at identical-staselgpeedd homas
et al., 1995) It has been shown that when two elite runners with a st but a oneminute
difference in their time to complete 10 km were compared, the athlete with the better running economy
completed the 10 km run fastg@aunders et al., 2004} has been found that running economy can
vary up to 30% between runners with a simNi&@.max(Daniels, 1985)There are multiple factors which
may influence runninggconomy.Thereare many intrinsic and extrinsic factors such lesart rate,
minute ventilation (\¢), core temperaturé)ood lactatemuscle fiber distribution, muscle metabolism
and body composition gtatureand body mask that have been demonstrated to influence running
economy(Adams & Bernauer, 1968; Daniels & Daniels, 1992; Morgan et al., 1989; Pate et al., 1992;
Saunders et al., 2004; Thomas et al., 1995jialfis & Cavanagh, 1987 Clothing has also been
purposed to influence running econofBaniels, 1985)As such, some authors have suggested that
wearing compression garments during exercise may positively influence running ed@nimmsrd et

al., 2006)

Bringardand colleague@006)found that wearing compression garments (tights) significantly
improved running economy compared to wealimgse shorts (control) whilst running at Inh™.
Furthermore, compression garments seemed to improve running econbénigrab but it was not
statistically different between conditions. Nifferences in running economy were discerned at 14 and
16 kmh* running speed&mall sample size, n = &).study byDascombe and colleagues (20fd)nd

that wearing undersized and regular sized compression garments (tights) both negatively influenced
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running economy compared to wearing shortsifes) whilst running at 8 krh'. No differences were
observed between conditions at 10, 12, 14, 16 and 18'kamning speeds. The authors suggested that

the mechanical support applied by the compression garment may have increased resistance to
movemenwhilstrunning and subsequently increased the oxygen consumption requirement. In contrast,
Bringard and colleagues (2008)ggested that the improvements in running economy evident when
wearing compressi garments may be a resultinfreased proprioception, muscle coordination, and

the propulsive force due to the mechanical support provigetie garment. It may be possible that
compression garments which cover joint structures such as the knee (tights), may influence the range
of movement of the joint if the elicited pressures of the garmenhigh enoughindeed, previous
research has tmd reductions of both hip and knee range of movement when wearing long compression
shorts that covered the hip and knee joints, duningning(Borraset al.,2011) However, the actual
pressures elicited by the compression garment which produced these changes were not reported. Given
the potential for compression garments to influence running biomechsonos research has attempted

to examine the effect of wearing compression garmentsimming biomechanics and the subsequent
influence on exercise performanard running economgStickford et al., 2015; Varel8anz et al.,

2011)

Biomechanical factors which have been associated with improved running economy:include
lower vertical osillation; greater leg stiffness; low lower limb moment of inertia; less leg extension at
toe-off; larger stride angles; alignment of the ground reaction force and leg axis during propulsion;
maintaining arm swing; low thigh antagofi@gonist muscular ceéivation; and low activation of
lower limb muscles during propulsidMoore, 2016) However, few studies hawirectly examined
the influence of wearing compressigarments on biomechanics and running econdfayelaSanz
and colleagues (2011linvestigated the use of compression stockings on running economy,
biomechanicsand running performance. In part one of the stuby,endurance trained athletes
performed 4 x énin running bouts at a recent haffarathon pace (1482.2 kmh) with and without
wearing compression stockings, to examine running econlmnparttwo of the study12 endurance

trained athletes were divided into two groug@mpression garment groupré) and no compression
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garment control group (n &). Both groups completed a time to exhaustion running test on a treadmill

at a gradient of 1% and a skmdirmedmeanfrunding Speedo+f t he
2 kmh). Performance time, running economy, heart ratep@srdechanical vaablesof contact time,

flight time, foot height, power generated, frequency, and stride length were examined during the run to
exhaustion. In part one of the study, the results showed that running economy was not different between
conditions P > 0.05). h part two of the study, although the percentage of maximum heart rate was
significantly lower in the compression garment grdap 0.05), this did not correspond to a difference

in running economyR > 0.05). For the run to exhaustion, no group diffeesnwere found for
performance time and any of the running biomechanical varidble®(05).Stickford and colleagues

(2015) investigated the effect of lower leg compression garments on running biomechanics and
economy. Sixteen, highly trained male distanggners ran in 4nin stages at speeds of 14 ki) 16

kmh?, and18 kmh? on a treadmilkeither wearing compression calf sleeves-205mmHg) or a no
compression control. Various running biomechanical variables, including gomntact time, swing

time, step frequency, and step length, were measured during submaximal running stages. No differences
werefound between conditions for running economy and running biomechanics at all running speed

stagesi® > 0.05).

Relatively few studies have examined #féect of wearing compression garments on both
running biomechanics and running economy. However, the evidence suggests that compression
garments may have little to no influence on running biomechanics and running ecdraiiey4.3
andTable 2.4. The stulies byStickfordand colleague&015) and Vareksanzand colleague€@011)
both used compression garments that were applied to the lower leg (calf sleeves and socks respectively).
The limited contact of these lower leg compression garments over upper leg joint structures may explain
the findings as some evidence suggests gasmrdt cover the hip and knee may influence
biomechanicgBorn et al., 2014; Borrast al.,2011) Moreover,Stickfordand colleague015) and
VarelaSanzand colleague@011)did not measure elicited pressure of the compression garments used
and opted to report the manufacturer stated presdurissapproach makesdifficult to correlateany

biomechanical or physiological changes to elicited garment pressures and it has been shown that

24



standard sizedompression garments may elicit pressures lower than published recommer(gtitions

et al., 2015)As a result, relying on manufacturer statengent pressures is a major limitation of
research studies in this area. Therefore, future research is clearly warranted which examines the
influence of compression tights with different levels of compression (directly measured and accurately
guantified) m running biomechanics, and whether changes in running biomechanics influences running

economy.
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Table 23. Summary of the published research literature investigating the influence of compression garmentsdrahiosie

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Born et 12 females Within group 30x30m Maximal Tights GM: 20.2 + Hip flexion, step ZReduced hip flexion
al., (compression vs. sprints sprints 4.3 length, step (P=0.01d=2.28)
(2014) control) RF:20.2+49 frequency & .
VL:18.2+4.1 muscle activation y '_ ncrease d st
BF:19.5+5.6 (EMG) during the (P=0.01d=0.91)
Gast: 19.9 £ 30 m sprints 5 No effect on s
56 (P = 0.34d = 0.20)
Yy I ncreased muscl e
muscle

(P =0.01d=1.24)

Borraset 9, active, Within group 40 minrun @  Endurance Shorts Not reported Muscle z No effect on s
al., males (compression on anaerobic oscillation, stride (P > 0.05)
(2011) one leg vs. control threshold and frequency &stride i}
on the other leg)  10% gradient lengthduring 40 Zz No effect on
min run (P > 0.05)

Z Reduced muscle oscillation on the lec
with compression

(P <0.05)
Borraset 8, active, Within group Running @ 10, Endurance Shorts Not reported Hip angle, knee ZReduced hip range of movement
al., males (compression 11,12 and 13 (covering angle, stride (P <0.05)
(2011) shorts vs. standart kmh?t knee) length and stride
Lycra shorts vs. frequency during Z Reduced knee range of movement
control) the run (P <0.05)

Zz No effect on
(P >0.05)

Zz No effect on s
(P >0.05)
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Table 23. Summary of the published research literature investigating the influence of compression garments on bioneectiamied.(

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Stickford 16, male, Within group Running 4 min  Submaximal Calf 157 20 Ground contact z No effect on gr
etal, trained (RCT: stages at 3 running sleeve (manufacturer time, swing time, (P >0.05)
(2015) runners compression vs.  speeds of 233 values) step frequency &
control) 268, and 300 step length during No effect on
m/min each 4 min (P>0.05)
running stage z No effect on
(P >0.05)
z No effect on s
(P >0.05)
(Varela 16, endurance Between group Run to Endurance Socks 157 22 Ground contact Zz No ef f eccontaocttimeg r
Sanz et trained (compression vs. exhaustion test (manufacturer time, flight time, (P =0.90)
al., 2011) runners control) @ 105%of values) foot height, .
participants generated power, z No N ffect on
best 10 km step frequency & (P=0.75)
time (17 £2 step length during 5 No effect on
kmht) therun to _
; (P=0.75)
exhaustion test
z No effect on
(P =0.75)
z No effect step

(P=0.82&P =0.32)
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Table 2.3 Summary of the published resealitérature investigating the influence of compression garments on biomeclamtaied.

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Hsu et al., 8, male, Within group 40 min, Submaximal  Tights Shank:3 2 [ Muscle activation ZReduced gastrocnemius muscle
(2016) recreatimal (RCT: treadmill running Thigh:2 2§ (EMG) activation
runners compression vs.  running @ 75 Hip:1 6 N during the 40 min (P <0.05)
control) % VO2max run
ZReduced rectus femoris muscle activati
(P < 0.05)
Z Reduced gluteus maximus muscle
activation
(P < 0.05)
Lucas 20 male & 20 Within group 30 min Submaximal  Below Ankle: 24 Head & tibia Zz No effect on st
Cuevas et female, (RCT: treadmill run running knee Calf: 21 acceleration, step frequency
al., recreational compression vs. @ 80%of stockings (manufacturer frequency & step (P>0.05)
(2015) runners control) participants values) length during the
max aerobic 30 min run z No effect on he:
speed (P >0.05)
Z Reduced tibial peak acceleration
(P <0.05)
Z Reduced shock attenuation
(P <0.05)
Lucas 21 males & 15 Within group 20 min Submaximal Below Ankle: 24 Muscle activation ZReduced gastrocnemius lateralis musc
Cuevas et females (RCT: treadmill run running knee Calf: 21 (EMG) during the activation at 0 & 5 min
al., compression vs. @ 75% of stockings (manufacturer 20 min run (P <0.050,° = .245 & P < 0.05¢%=
(2017) contro) participants values) .326)
max aerobic . ) o
speed ZReduced gastrocnemius medialis must

activation at 0 min
(P < 0.05dy? = .233)

28



Table 23. Summary of the published reseatitérature investigating the influence of compression garments on biomeclamtaied.

Authors Participants Design Protocol Exercise Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Broatch  Sub study 1: Sub study 1: Sub study 1:  Submaximal 2XU Sub study 1: Sub study &
etal, 13 male, Within group 2 X 4 min running A:13.2+29 Muscle Zz No effect on th
(2020) recreationally  (compression vs. treadmill run B:17.2+6.2 displacement  displacement at 12 & 15 kmi-H(P > 0.05)
active control) @ 12 & 15 (oscillation) & . ) )
km-H (2 min C:21.8+6.0 muscle ZReduced thigh & calf muscle accelerati
Sub study 2: at each speed) [E) 15(1) 1—“ gg acceleration at 12 km-h! (P < 0.05)
14 male, Sub study 2: F 107429 during each Sub study 2:
recreationally  \yithin group T running speed 7 paquced thigh & calf displacement at |
active (Nike compression  Sub study 2: Nike Sub study 2: km-h1[2XU garment](P < 0.05)
vs. 2XU 4 x 9 min A:9.1+25 Muscle ) _ _
compression vs.  treadmill runs B:14.6£4.9  jisplacement ZReo!lfced thigh & calf displacement at
Under Armour @ 8,10&12 C:215+51 (oscillation), km-h*[2XU & Under Armour garments]
compressionvs. km-h'! (3 min D:11.3+2.1 jissue vibration & (P <0.05)
Control) at each speed) E:12.9+2.7 nuscle activation 5 No effect on th
Fl27+21 (EMG) displacement at 15 kni-h(P > 0.05)
Under ZReduced thigh & calf tissue vibrations :
AA;rT;orr?, L 8 km-H ! [thigh; 2XU & Nike garments,
B 114447 calf; 2XU garment]P < 0.05)
C:18.9+6.3 Z Reduced calf tissue vibrations at 10
D:13.3+3.1 km-h't [Under Armour garment]P < 0.05)
E:132+£3.1 3
F:12.6 +2.9 ZReduced thigh tissue vibrations at 12

km-h'1[2XU garment](P < 0.05)

ZReduced thigh & calf muscle activatior
at 8, 10 & 12 km-h'[all garments)P <
0.05)
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Table 2.3 Summary of the published research literature investigating the influence of compression garments on bionoectizuied. (
Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Kerhervé 14, trained Within group 24 kmtral run  Endurance Calf Calf: Ground contact ¥ Increasederial time
etal, males (RCT: sleeves 2312 time, ariel time, (P <0.05)
(2017) compression vs. stride frequency,
control) leg stiffness & ¥ Increasedeg stiffness
vertical stiffness (P <0.05)
during the 24 km
trail run Z Reducedyround contact time
(P <0.05)
y Higher vert.i
(P <0.05)

c

GM = Gluteus Maximum; RF = Rectus Femoris; VL = Vastus Lateralis; BF = Biceps Femoris; Gast = Gastrocnemius; EMG = HjeaploynyRCT = Randomised Control

Trial; A =5 cm Proximal to Medial Malleolus; B = 10 cm Proximal to Medial Malleolus; C = Med&dial Calf Girth; D = 10 cm below E; E = Midpoint of Thigh; 5 cm

Proximal to E Z significant decreasé;significant increaseZ no change
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Table 24. Summaryof the published research literatimgestigating the influence of compression garments on running economy.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Dascombe etal.,, 11, male, Within group Progressive max running Endurance  Tights Regular-sized Running Z De c firapaosed)d
(2011) competitive (RCT: regular test (PMT) @ 810 kmh! Upper Leg: economy during  running economy at 8
runners fit vs. & 12-18kmh1 13.7+2.3 progressive max kmht
uncersized fit Lower Leg: running test (P <0.05)
vs. control) 19.2+3.2 ,
Zz No effect
Undersized economy at 1416 kmh!
Upper Leg: (P > 005)
159+26
Lower Leg:
21.7+43
Bringard et al., 6, male, Within group Part 1: Submaximal  Tights Not reported Running Z Decreased (improved
(2006) trained (RCT: Running @ 10, 12, 14 & 1t  Running economy during  running economy at 12
runners compression kmh't submaximal kmh?
tights vs. elastic running (part 1) (P <0.05)
tights vs. .
control shorts) z No effect
economy at 10, 14 and
16 kmh?
(P > 0.05)
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Table 24. Summary othe published research literature investigating the influence of compression garnremtsiog economyagontinued.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)

Broatch etal., Substudy 2:  Sub study 2: Sub study 2: Submaximal  Tights 2XU Running Zz No e friineingt
(2020) 14 male, Within group 4 x 9 min treadmill runs @  running :13.2+29 economy during economy at 8, 10 and 1
recreationally (Nike 8, 10 & 12 km-h? (3 min :17.2+£6.2 submaximal kmh?
active compression vs, at each speed) :21.8+6.0 running (part 2) (P >0.05)

2XU :12.0+£2.2

compression vs, :12.1+£23

Under Armour 210729

compression vs,

Control) Nike
A:9.1+£25

B:14.6+4.9
C:215%5.1
D:11.3%+2.1
E:129=x27
F:127+x21

TmOOwW>

Under Armour
A:7.7+3.1
B:11.4+4.7
C:18.9+6.3
D:13.3+3.1
E:13.2+3.1
F:12.6+2.9
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Table 24. Summaryof the published research literature investigativginfluence of compression garmentsomning economyagontinued.

Authors Participants Design Protocol Exercise = Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
VarelaSanz et Part 1: Part 1: Part 1: Endurance Socks 1571 22 Running z No effect
al., (2011) 16, endurance Within group 4 X 6 min running @ recen (manufacturer economy during economy during
trained (compression  half marathon pace (14.8 : values) submaximal (part  submaximal running
runners vs. control 2.2 kmh') (running 1) and maximal (P >0.05)
economy test) run to exhaustion | )
Part 2: Part 2: test (part2) 2 No effect on running
12, exdurance Between group Part 2: . economy dgrmg run to
trained (compression Run to exhags_tlon test @ exhaustion test
runners vs. control) 105% of participants best (P >0.05)
10 km time (17 + 2 krhr?)
(Stickford et al., 16, male, Within group Running 4 min stages at ¢ Submaximal Calf 157 20 Running Zz No effect
2015) trained speeds of 233, 268, and  running sleeve (manufacturer economy during economy at the speed:s
runners (RCTf 300 m/min values) each 4 min of 233 m/min (14 knfr
compression vs. running stage 1), 268 m/min (16 knir
control) 1), and 300 m/min (18
km.h1)
(P > 0.05)

(Ali et al., 2010) 9 male, 1 Within group 40-min treadmill running Submaximal Below Control Running Zz No effect
female (control vs. low @ 80 £ 5% maximal running knee Ankle: 4 £ 1 economy during economy during
runners vs. high oxygen uptake stockings Caf:4+1 40-min run submaximal running

compression) (P >0.05)
Low
Ankle: 11 + 2
Calf:8+1
High
Ankle: 26 + 3
Calf: 15+ 2

RCT = Randomised Control Trial; A = 5,cm Proximal to Medial Malleolus; B = 10 cm Protinm\dédial Malleolus; C = Medial Maximal Calf Girth; D = 10 dmalow E; E
= Midpoint of Thigh; 5 cm Proximal to;EZ significant decrease; no change
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2.5 Recovery from Exercise and Subsequent Performance

A primary desired effect of wearing compression garments to is improve recovery from one
bout of exercise to another subsequent fidacRae et al., 2011VItimately, if compression garments
could aid the shoierm recovery process from exercise, this may provide benefit when performing
subsequent exercise. It has been suggested that wearing compression garments following intense
exercise may enhance reeoy by influencing markers of exercise induced muscle damage. This
includes:reducing the loss of muscle strength, maintaining range of motion, decreasing the sensation
of muscle soreness and enhancing the clearance of metabolites such as blo@htbctesdine kinase
(MarquésJiménez et al., 2016}-or short duration exercise such as squat and countermovement jump,
as well as sprint and agility the published literature has typically demonstrated no clear benefits of
wearing compression garments to improve subsequent expgecfeemancdAli et al., 2010;Duffield

et al., 2008Pavies et al., 200Kraemeret al., 2010)

Although there is limited evidence which supports the use of compression garments to aid
subsequent short duration exercise performance (i.e., jumping and sprinting) following an initial bout
of exerciserecently some research has demonstrated that compression garment may aid subsequent
performance for longer enduranicased exercis@rophy-Williams and colleagues (2018xamined
the effect of wearing compression socks on an initial running 5km time trial and a subsequent running
5km time trial following a ondiour recovery period between the tMime trials The results
demongrated that the time decrement from the first and second 5km time trial was significantly greater
in the control (no garment) condition (15.9 £ 8.5 secs) compared to the compression garment condition
(6.4 £ 1.9 secs). These results suggest that wearingression garments during a short -droair
recovery period improwsubsequent endurance performance. Similar results have been demonstrated
by Driller & Halson (2013) who examined the effect of wearing compression tights on an initial 15min
cycling time tral and a subsequent 15min cycling time trial following a-baer recovery period
between the two bouts. The results demonstrated that the mean power output (Watts) decrement from
the from the first and second 15 min time trial was significantly greattrel control (no garment)

condition ¢2.15%) compared to the compression garment condit®@0%). The study also found
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that blood lactate concentrations were significantly lower following the one hour recovery period in the
compression garment condiid3.0 °© 1.0 mmolL?) compared to the control conditiod.Q ° 1.1
mmolL?Y). Given that compression garments have been suggested to enhance metabolite clearance
following exercise, this may explain the improvement in exercise performance. However, the reduction
of blood lactate in a oreour recovery period following exercisehist wearing compression

garments, was not found Byophy-Williams and colleagues (2019)

The discrepancy of results whiekists in the published compression garment literature is likely
caused by the inconsistent exercise tests applied, body coverage of the compression garments, pressure
elicited by the garments and the duration recovery period used. The wearing of camassents
following an initial bout of endurance exercise se&rhave a beneficial effect on subsequent exercise

(Table 2.5.
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Table 2.5. Summary of the published research literature investigating the influence of compression gamraehbsequent exercise performance following an

initial exercise bout and recovery period.

Authors  Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)

Brophy- 12, male Counter Initial running 5km TT Endurance Knee Calf: Time Z Time dif

Williams runners balanced (TT1) followed by 1 hour high 37+4 decrement between TT1 and TT2
etal., crossover recovery with or without socks Upper Ankle:  from TT1 and was smaller in the
(2018) (compression  compression followed by 31+4 TT2. compression garment

vs. control) running 5km TT (TT2) Lower Ankle: condition
2314 (P <0.01).

Driller & 12, highly = Randomised Initial cycling 15min TT Endurance Tights Calf: Meanpower Z Mean pow
Halson trained crossover (TT1) followed by 1 hour 20.5+ 3.1 output difference betwen TT1
(2013) cyclists (compression  recovery with or without Thigh: decrement  and TT2 was smaller in

vs. control) compression followed by 11.8+2.6 from TT1 and the compression garmer
running 15min TT (TT2) TT2. condition
(P < 0.05).
De 14, trained Randomized Initial cycling 40km TT Endurance Tights Ankle: Performance Z Substant i

Glanville males singleblind  (TT1) followed by 24 hours 6.0+ 2.4 time of TT2  time to complete TT2 in
etal, crossover recovery with omwithout Calf: and mean the compression garmer
(2012) (compression compression followed by 147+ 2.5 power output. condition (..2% vs

vs. control) cycling 40km TT (TT2) Thigh: control).
11.8+2.5 ~
y Mean pow

was greater for TT2 in
the compression garmer
condition (3.3% vs
control).

*P values not reported.
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Table 2.5. Summary of the published research literature investigating the influecoenpfession garments on subsequent exercise performance foll
an initial exercise bout and recovery periodrtinued.

Authors Particip Design Protocol Exercise Garment Garment Performance Outcomes
ants Modality Pressures Measures
(mmHg)
Atkins etat., 30, male Between Baseline performance testing Jumping, Tights Ankle: Vertical jump z No effect
(2020) basketb group followed byBESTto cause sprinting 7+3 height, 26m  jump, 20m sprint time and
all (compressi  fatigue, immediately followed and agility Calf: sprint time, agility time for any time
players onvs. by performance testing, 10+ 3 and 50-5 points between
control) followed by 15 hours rest with Thigh: agility time. compression and control
or with compression, followed 8+2 groups
by final performance testing. (P >0.05).
Duffield et 14, Within Simulated teansport exercise, Running Tights Not reported 20msprint Z No ef fect
al., (2008) male, group followed by 24 hours of maximal time time
rugby (RCT: recovery with or witlout sprints (P > 0.05)
players compressio compression, followed by 5 x
nvs. 20 m repeated sprints protocol
control)
Jakeman et 17, Between Baseline jump assessment  Jumping Tights Calf: Squat and Z Squat jum
al., (2010) active group followed by EIMD protocaol, 17.9 CMJ height was smaller in the
females (compressi followed by, recovery with or Thigh: compression garment
onvs. without compression. Jump 14.9 condition @ 24, 48, 72 ant
control) assessment performed @ 1, 2 (based on anothet 96 hours post EIMD
48, 72 and 96 hours post study) (P <0.05).
EIMD.
Z CMJ decre
smaller in thecompression
garment condition @ 24
hours post EIMD
(P < 0.05).
Basketball Exercis8imulation Test=BESTk m = Ki |l ometre; m = Metre; TT = Time Trial; § signi
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2.6 Muscle Oscillation

Large impacts occur during exercisehich cause muscle oscillatiorsdso known as muscle
vibrations. Muscle oscillation is present during jumping exercise (landing) as well as during the ground
contact phase of runningepeatedr longterm muscle oscillationgan have detrimental effects on
soft tissus, including pain and loss of functipreductions in motor unit fing rates and in muscle
contraction forcéBroatch et al., 2020; Cronin et al., 200Wearing compression garments has been
suggested as a potential method to attenuate soft tissue oscillations during dynamic éboatiest
al., 2003) It has been shown that muscle datiobn of the thigh was reduced during repeated vertical
jump exercise when compressive shorts were worn
(Kraemer et al., 1998 Compression garments may assist in supporting muscles during high impact
exercisesuch as running and jumping reductionof muscle oscillatioa may reduce the amount of
fatigue sustained due to enhanced neurotransmission and improved mechanics at a molecular level
within the musa@ (Kraemer et al., 1998)Moreover, it has been suggested that reduced muscle
oscillation may optimize the contraction of muscle fibres, thereby assisting mechanical eff(Neggy
& Wakeling, 2001) If compression garments can enhance mechanical efficiency during exercise, this
may have subsequent benefits by reducing energy loss (economy) and muscléBaitigiaed et al.,

2006)

A study byBroatch and colleagues (202@js one of the first to shothat compression
garments reduced muscle oscillationridg running exercise. This research was divided into two
studies. In the first study, 13 Australianles footballers performedin of running on a treadmill at
12 km-H?! (2-min) and at 15 km-H (2-min). Reflective markers were placed on vastii (VAB)
gastrocnemii (GAS) muscles and thdimensional motion capture was used to measure soft tissue
oscillation and acceleration. Participants performed each run wearing either loose clothing (control) or
compression tightsThe st udy 6s r ewearing the cenfipessiendtights realuced calf
musculaturadisplacement in the medidateral axis at 12 km!h (1.3 mm, ~13%) and in the anteiior
posterior axis at both speeds (up to 1.9 mm, ~20%). Moreover, compression tights reduced thigh

musculature displacement in the vertical axis when running at 12 K@.-hmm, ~23%). In the second
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study, 14 recreationgllactive participants performed a 4-xfin treadmill run in 4min stages at speeds

of 8 km-H?, 10 km-h! and 12 km-h'. Participants performed each run whilst wearing either loose
clothing (control), 2XU compression tights, Nike compression tightsnder Armor compression
tights. Pressures were measured for each garment at 6 anatomical landmarks: A (5 cm proximal to the
distal border of the medial malleolus), B (5 cm proximal to A), C (medial aspect of the maximal calf
girth), D (anterior aspect of thiigh 10 cm below landmark E), E (midpoint between the inguinal
crease and the supeifiposterior border of the patella), and F (5 cm proximal to landmark E). The
pressures recorded for the 2XU garment were: (A) 13.2 + 2.9, (B) 17.2 + 6.2, (C) 21.83) 42,0
+2.2,(E)12.1+£2.3and (F) 10.7 + Zé8l mmHg) The corresponding pressures for the Nike garment
were: (A) 9.1 2.5, (B) 14.6 + 4.9, (C) 21.5 £ 5.1, (D) 11.3 + 2.1, (E) 12.7 + 2.1 and (F) 12.(at 2.1
mmHg). The pressures for the Und&érmour garment were: (A) 7.7 + 3.1, (B) 11.4 £ 4.7, (C) 189 £
6.3,(D) 13.3+3.1, (E) 13.2+ 3.1 and (F) 12.6 HalbmmHg) Similar to study one, thre#imensional

motion capture was used to measure soft tissue oscilléti@ualdition, electromyograghEMG) was

used to measure muscle activation of the vastus lateralis (VL), vastus medialis (VM), lateral
gastrocnemius (LG), and medial gastrocnemius (MG). Average EMG values were obtained for the VAS
and GAS and were used as indicators of vastii andagasmii activation during treadmill running.
The second studyds results showed that wearing
musculature displacement in the vertical axis for the VAS by up to 4.7 mm (~10%). The 2XU garments
were the only garents to reduce GAS displacement, which was evident in the rfietkahl (1.8 mm,

~11%) and vertical (up to 1.1 mm, ~4%) axes. Interestingly, the 2XU garment provided the highest
pressures for the lower leg when the garments were compared, which magriebaiting factor to

this outcome. Muscle activation was significantly lower in all the garment conditions at all speeds
compared to the control condition. Moreover, results showed that activation of the GAS was
significantly lower than the VAS at all rnmg speeds. It is possible that a relationship exists between
muscle activation and muscle oscillation when wearing compression garments during exercise.
Compression garments have been shown to reduce oscillation during high impact efgnaédel et

al., 2020; Doan et al., 2003Jhis reduced oscillation seems to provide external support and stability to

a muscle; thus, muscle activation is reduced. As muscle activation is reduced, this may gjteatéo
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mechanical efficiency, reduced energy loss and reduced muscle f@&ringard et al., 2006; Nigg &

Wakeling, 2001)A reduction in muscle activation may have a beneficial impact on running economy.

The muscle activation changes caused by the use of compression gdirabl@<2 6) may
have an effect on muscle tuning. Muscle tuning is the muscular activation pnddessesponds to
the excitation frequency of the impact shock during exercise kiezl strikeWakeling et al., 2001)
Repeated exposure to large vibrations can have detrimental effects on soft tissue, including pain and
loss of functior(Cronin et al., 2004 Muscle turning reduces tissue vibrations through increased muscle
activation. Therefore, if compression garments céecevely reduce vibration and muscle oscillation
during large, frequent impacts, it may reduce the dependence on muscle tuning. As a result, muscle

tuning may reduce the activation of a muscle as compression garments provide additional support.
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Table 26. Summaryof the published research literature investigating the influehcempression garments on muscle oscillation during exercise.

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Borras et al., 9, active, Within group 40 min run @ Endurance Shorts  Not Reported Muscle oscillation Z Reduced muscle oscillation
(2011) males (Compression on anaerobic during 40 min run
one leg vs. control threshold and
on other) 10% gradient
Broatch etal.,  Sub study 1: Sub study 1: Sub study 1: Submaximal  Tights 2XU Sub study 1: Sub study 1:
(2020) 13, Australian Within group 2 X 4 min running A:13.2+29 Muscle z No effect on t
Rules players (compression vs. treadmill run @ B:17.2+6.2 displacement displacement at 12 & 15 knih
control) 12 & 15 km-A? C:21.8+6.0 (oscillation) & (P >0.05)
(2 min at each D:12.0+£2.2 muscle 3 i
_ Sub study 2: speed) E-12.1+23 acceleration ZReduced thigh & calf muscle
Sub study 2: Within group F 107 + 2.9 during each acceleration at 12 km*-h (P < 0.05)
14 male, (Nike Sub study 2: running speed
recreationally  compression vs. 4 x 9 min Nike , Sub study 2:
active 2XU compression treadmill rins A:9.1+25 Sub study 2: ZRed“C?P thigh & calf displacement ¢
vs. Under Armour @ 8, 10 & 12 B:14.6 + 4.9 Muscle 8 km-11*[2XU garment](P < 0.05)
compression vs. km-h? (3 min C:215+5.1 displacement 5 ppoqiced thi ; .
o gh & calf displacement
Control) at each speed) D:11.3%+2.1 (oscnlgtmn), 10 km-H[2XU & Under Armour c
E:129+27 softtissue garments|P < 0.05)
F:12.7 +2.1 vibratiors during '
Under the running bouts 5 No effect on t
Ar mour displacement at 15 km-h(P > 0.05)
é\-:fi74i+3417 Z Reduced thigh & calf tissue vibration
C.' 18.9 N 6.3 at 8 km-h! [thigh; 2XU & Nike
D 133 3.1 garments, calf; 2XU garmentP < 0.05)
E:13.2+3.1 ZReduced calf tissue vibrations at 1¢
F:126+29 km-h't [Under Armour garment]

(P <0.05)

Z Reduced thigh tissue vibrations at 1
km-h'1[2XU garment](P < 0.05)
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Table 26. Summaryof the published researtiterature investigating the influence of compresgianments on muscle oscillation during exer¢emtinued.
Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Doanat al., 10, male & Within group 21 3 maximal Power Shorts  Not reported Muscle oscillation ~ ZReduced longitudinal and anterior
(2003) female, track (RCT: counter during thejumps  posterior thigh musculature oscillatior
athletes compression vs. movement (P<0.05)
control) jumps
Kraemer et al., 5 male, 5 Within group 3 x 6 maximal Power Shorts  Not reported Muscle oscillation ~ ZReduced vertical thigh musculature
(1998) female, vertical jumps during the oscillation
participants (RCTf maximal vertical (P<0.05)
compression vs. jumps . .
control) Z No effect on horizontal thigh
musculature oscillation
(P > 0.05)
Dandrieux etal., 12, healthy, Within group Running at Endurance Shorts  Not reported Muscle oscillation ZReduced thigh musculature oscillatic
(2020) males (RCT: different during each at each intensity level [mean reductiol
compression vs.  intensitiey(8, running intensity was 31% vs. control]
control) 10,12 stage (P<0.05)
kmh't without
gradient 8
h't with 10%
gradient &8,
10,12
kmh'* with

10% gradient

= Midpoint of Thigh; 5 cm Proximal to EZ significant decrease; no change

RCT = Randomised Control Trial; A = 5 daroximal to Medial Malleolus; B = 10 cm Proximal to Medial Malleolus; C = Medial Maximal Calf Girth; D = 10 cm below E; E
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2.7 Thermal Responses

It is important tlat sports clothing allows sufficient levels of heat transfer from the athlete to
the environment and it is suggestihdt clothing, including compression garments, may cause excessive
thermal insulation and limit sweat transfer, which may prove detrimentatxXercise performance
(Brownlie et al., 1987; Gavin, 20Q3) o provide efficient temperaturegulation, sweat on the inner
layer of clothing must be able to transfer to the outer layer and subsequently ev@aratey et al.,
2002) Somecompression garment manufacturers claim their garments aid moisture wicking which
may help keep the wearer dry as well as aid thermoregulatory homedSkaisssTechnology, 2021)
Some studies have shown that wearing compression garments during exercise increases skin
temperature in the areas covered by the garment at a range of ambient temperatuire23(Z6@)
(Duffield et al., 2008; Houghton et al., 2009; Priéyaesada et al., 201Hlowever, théncreased skin
temperature caused by wearing a compression garment did not correspond to a higher core temperature
compared to a no garment contfblffield et al., 2008; Houghton et al., 2009hermal responses to
wearing compression garments during exercise have also been investigated in hot and cold
environmental temperatureSoh and colleagues (201lihyestigated the effect of wearing compiess
tights on thermal responses and running performance in hot and cold conditions. Participants ran on a
treadmill for 20min at an intensity of their predetermined ventilatory threshold (submaximal) followed
by a run to exhaustion at an intensity equéwato their maximal oxygen uptake. Participants performed
the exercise in four separate conditions: 32°C with compression garment; 32°C without compression
garment; 10°C with compression garment; and 10°C without compression garment. Results showed
that wearing the compression garment had no effect on core temperature during exercise in both the hot
and cold environments compared to wearing no garnfentq.05).1n the recovery period following
exercise, core temperature was higher when wearing the csipregarment in the hot and cold
environmentgP = 0.026andP = 0.028respectively. During exercise, thigh and calf skin temperature
was higher in the compression garment condition compared to the no garment condition in the cold
environmen{(P = 0018 andP = 0.0L respectively. In the hot environment, no differencesre evident

for the thigh and calf skitemperature betweeamonditions P > 0.05). However, the thermal responses
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of wearing the compression garment had no effed¢inogé to exhaustioperformance in both hot and

cold environments betwe@&onditions P > 0.05), although enoderate effect sizel € 0.48) was found

in the hot environment between conditions with participants running on average 16% longer in the
compression garment conditioBarwood and colleagues (201fgund that wearing a compression
garment during a-&m time trial, in 35.2°C £ 0.1°C heat, had rifieet on aural temperatur® & 0.05)

but significantly increased quadricep skin temperature compared to the no garment control condition
(P = 0.041). However, the increase in skin temperature in the compression garment condition had no
effect on time trikperformance, which was not different between conditiéhs (0.05). It has been
suggested that the material of which compression garments are composed may insulate the body and
limit sweat evaporation and consequently prevent optimal heat trd@sfdrett et al., 2015; Gavin,

2003) However sweat rate has been shown to be unaffected by the wearing of compression garments
during exercise in moderate (17°C) or hot conditions (40°C) when compared to wearing no compression

garment P > 0.05)(Houghton et al., 2009; Leexbaurrea et al., 2019)

The published research literature suggests that wearing compression garments elevates skin
temperature, but does not increase core temperature in cold or hot corfd@itihis35°C), compared
to responses seen when wearing no compression gariiadaie @.7). Nor does it increase sweat rate
in moderate or hot conditions (172Ql0°C). Furthermore, the increase of skin temperature does not
seem to influence exercise perfance. Relatively few studies have examined the effect of wearing
compression garments on thermal responses and subsequent exercise performance. Therefore, further
research is clearly warranted to examine the influence of wearing compression garmeuifferssng
types of garment, garment pressures, exercise tasks, and exercise durations, in environmental conditions

with varying temperature and humidity
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Table 27. Summaryof the published research literatimgestigating the influence of compressiomrgants orthermal responses during exercise.

Authors Participants Design Protocol Garment Performance Outcomes
Pressures Measures
(mmHg)
Goh et al., 10, male, Within group Run to exhaustion Calf: Runto exhaustor Zz No ef fect on cor
(2011) recreational (RCT: compressior @ 10°C & 32°C 13.6 £3.4  performance time, (P>0.05)
runners @ 10°C vs. control Thigh: core temp and ~ .
@ 10°C and 86+1.9 skin temp y Increased (higheore temp after

compressio @
32°C vs. control @
32°C

exercise (recovery period) at 10°C and 32
(P =0.026 and P = 0.028 respectively)

¥ Increased (highemalf and thigh skin
temp during exercise at 10°C
(P =0.018 and P = 0.01 respectively)

Zz No effect on cal
during eercise at 32°C
(P > 0.05)

z No effect on ti
performance at 10°C and 32°C
(P > 0.05)

(On average participants ran 16% longe

when wearing compression garments a
32°C)
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Table 27. Summaryof the published research literatimgestigating the influence of compression garmenthermal responses during exercisertinued.

Authors Participants Design Protocol Garment Performance Outcomes
Pressures Measures
(mmHg)
Barwood 8, Within group 15 min fixed load Compression 5kmTT z No ef fkm completian tinse
etal, recreationally (RCT: compressior running & Calf: 20+ 3  completion time, (P >0.05)
(2013) active males tights vs. oversizec subsequent-&km Thigh: 11 +2  auraltemp, skin |
compression tights TT temp, TSandTC ¢ No effect on aur
(SHAM) vs. @ 35°C SHAM (P>0.09)
control cr:]".ilf;]_l7i+4 Yy I ncreased (highe
Thigh: 10 £ 2 during exercise
(P =0.041)
z No effect on TS
(P > 0.05)
Houghton 12, male, Within group LIST protocol (4 Intermittent Not reported 15 m sprint time, z No effect on 1
etal., hockey (RCT: normal X 15 min exercise core temp, skin (P=0.10)
(2009) players hockey attire bouts) @ 17°C temp and sweat | . _
(NORM) vs. loss Zz Naeffect on core temp during exercis:
compression short: (P =0.25)
and top (COMP) g Increased (high
exercise
(P =0.03)

Zz No effect on swe
(P =0.06)
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Table 27. Summaryof the published research literatimgestigating the influence of compression garmenthermal responses during exercisertinued.

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)

Leoz 16 (12 males;  Within growp Four bouts of Intermittent Top Not reported VO, TS, core z No ef f gdaring esenciseV O
Abaurrea 4 females), (RCT: compressior cycling at a fixed temp, skin temp, (P >0.05)

etal, recreational vs. control) load (~50% garment sweat i ) ,

(2019) cyclists VO2pea) for 14 retention, weight z No ef f dudngexercise T <

min (1 min rest) at loss and sweat (P>0.05)
23°C rate 7z No effect on cor
end of exercise
(P >0.05)
Zz No effect on gar
weight loss and sweat rate
(P > 0.05)

Priego 44 (29 males;  Within group 30-min Submaximal Below Ankle: 20-25 Skin temp ¥ Increased (geate) skin temp change fron
Quesada el 15 females), (RCT: compressior  submaximal Knee baseline to immediately post run for the
al,, (2015)  runners vs. control) running test (10 Stockings Knee: 1510 tibialis anterior, ankle anterior,

min warmup & (manufacturer gastrocnemius, vastus lateralis, abductc
20 min at 75% of values)

their MAS @ 23.7
+0.8°C

and semitendinosus compared to contrc
condition
(P =0.001 to 0.04)

z No effect for ter
to immediately post run for the rectus
femoris, vastusnedialis, knee, biceps

femoris, popliteal andchilles
(P > 0.05)
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Table 27. Summary of the published research literatowestigating the influence of compression garmenthermal responses during exerciser{tinued.

Authors Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures Measures
(mmHg)
Duffield et 14, male, Within group Two simulated  Intermittent Tights Not reported Weight loss Zz No effect on ch.
al., (2008) rugby players (RCT: compressior team game (sweat rate), skin between conditions
vs. control) protocols temp and (P >0.05)
(walking, jogging, tympanic temp
sprinting & Yy Thigh skin temp
agility) on two over the 2 trials in the compression
days with 24 hrs condition
recovery between (P =0.003)
days for each .
condition @ 16 Zz No effect on tym
18°C point between conditien
(P=0.6%
Venckunas 13, healthy, Within group 4 kmrun @ 7 min  Endurance Tights Compression  Shivering/sweat Zz No effect on we
etal, females (RCT: compressior 30 sec per km Calf: ~18 sensation, TS, exercise
(2014) vs. control) pace followed by Thigh: ~17 core temp and (P>0.05)
a maximal 400 m skin temp, weight _
sprint@ 20622°C Control loss No effect on shi
Calf: ~4 and TS at any time point
Thigh: ~4 (P > 0.05)

y Ca | ttmpsvasihigher at the end of
exercise and during the recovery perioc
(P <0.05)

Zz No effect on cor ¢
(P>0.09

Temp = Temperature; RCT = Randomised Control Trial; TT = Time Trial; TS = Thermal Sensation; TC = Tamfat; LIST = Loughborough Intermittent Shuttle Test; A#00xygen
Consumption; V@pea= Peak Oxyge€onsumption; MAS = Maximal Aerobic Spegdsignificant increaseZ no change
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2.8 Cardiovascular Function

Some compression garment manufacturers have claimed that wearing compression garments
can improve cardiovascular function. As haemodynamic responses and muscle oxygenation may alter
with the application of compression garments, it might be expected thageh to cardiovascular
parameters could be seen as a result of wearing compression gg8periish et al., 2011However,
most studies have found no effect of wearing compression g&ésrae heart rate, stroke volume and
cardiac output during maximé@Duffield & Portus, 2007; Kemmler et al., 2009; Rider et al., 2@i)
submaximal exerciséBringard et al., 2006; Houghton et al., 2009; MacRae et al., 2012; Scanlan et al.,
2008; Sperlich et al., 201{)able 28). However, a study byarelaSanz and colleagues (20X@und
thata participangroup that wog compression garments, during a run to exhaustion test, maintained a
lower percentage of maximum heart rate compared aitbntrol group that wore no compression
garment P < 0.05). FurthermorePascombe and colleagues (2011) found that heart rate was
significantly lower when wearing undersized and regular sized compression garments, compared to a
control condition with no compression, during moderate submaximal running at speeds of 12 and 16
kmht, However, during a maximal exercise to exhaustion testlifferences were found for mean
heart rate and maximum heart rdtbe few studies that have shown reduced heart rate during exercise,
have found improvements in exercise performance. At rest, the application of compression has been
showed tosignificartly reduce heart rate in a standing positi®datanuki & Murata, 1994)As
increased blood flow and muscle oxygenation has been shown at rest with the use of compression
garmentgChohan et al., 2019; Lawrence & Kakkar, 1980)s possible these changes may reach
optimal levels at rest or very low exercise intensities rather than during maximal exercise.
Consequently, it is likely that the cardiand teemodynamic changes produced by more intense
exercise would outweigh any measurable changes that would be caused by wearing compression

garments.

Generally, compression garments seem to have no influence on oxygen uptake during maximal
(Berry & McMurray, 1987; Born et al., 2014; Dascombe et al., 2011; Kemmler et al., 2009; Rimaud et

al., 2010)or submaximal exercis@(oatch et al., 2020; Dascombe et al., 2011; Sperlich et al., 2010;
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Stickford et al., 2015)However, a few studies have shown that wearing compression garments may
lower oxygen uptake during exercise. A study Biyngard and colleagues (2006howed a 9%
reduction in the oxygen cost of running at 10, 12 and 14 kwien participants wore compression
tights. However, n@xygen costeductions were observed when runnatd6 km-ht. Whilst Varela

Sanzand colleague011)showed that although running economy was unaffected during submaximal
exercise whilst wearing compression garments, during maximal exercise (run to exhaustion) running
economy was improvedl & 0.90). Given these two studies findings, one might argaddasible that
compression garments may provide cardiovascular benefits at specific exercise intensities. However,
although some studies have demonstrated better running economy whilst wearing compression
garmentsthere is no evidence to suggest th&kmaxis influenced by wearing compression garments
(Table 28). Further research is required in order to isolate an exercise intensity where compression
garments may improve cardiovascular function. However, current research suggests improvements are

unlikely at maximal and submaximal exercise intensities.

50



Table 28. Summaryof the published research literatumgestigating the influence of compression garmentsasdiovascular responses.

Authors  Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures (mmHg) Measures
Born et 12, female Within group 30x30m Running Tights GM:18.3+4.1 Oxygen Zz No effect on oxygen
al., (2014) athletes (compression vs sprints maximal sprints RF:19.0 4.9 uptake & uptake for any of theprints
control) VL:17.5+4.4 ventilation (P=0477 0.77,d=0.081
BF:19.6 £ 4.7 during the30 0.17
Gast: 21.7 £ 6.0 x30m , .
sprins Z No effect on ventllatlon
for any of thesprints
P =0307 0.68 d=0.10
0.3
Scanlanet 12, male, Within group 1hrcycling TT Endurance Tights GM:9.1+2.2 VO2zmaxduring Z No effect onVOazmax
al., (2008) trained (RCT: & incremental VL:149+£2.3 thecycle to during the cycle to
cyclists compression vs cycle to Calf: 17.3+ 3.0 exhaustion exhaustion
control) exhaustion test Ankle: 19.5+34 (P=047d°=0.22
Dascombe 11, male, Within group ~ Progressive may Endurance Tights Regular-sized VO2max Z No effect onVOazmax
etal., competitive (RCT: regular fit  running test Upper Leg: during runto during the run to exhaustior
(2011) runners vs. uneersized fit  (PMT) & time 13.7+23 exhaustion (P>0.05
vs. control) to exhaustion Lower Leg:
run @ 90% 19.2+3.2
VOZmax
Undersized
Upper Leg:
159+2.6
Lower Leg:
21.7+43
Sperlich 15, well Within group Run to Endurance Socks, 20 mmHg VO2max Z No effect onVOazmax
etal., trained, (RCT: socks vs. exhaustion test tights & (not measurei during runto during the run to exhaustior
(2010) endurance tights vs. whole whole based on previous exhaustion (best;P=0.26, bestd =
athletes body vs. control) body article) 0.3)
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Table 28. Summaryof the published researéiteratureinvestigating the influence of compression garmentsasdiovascular responseftinueq.

Authors  Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures (mmHg) Measures
Sear etal.,, 8, male, Within group 45 min Team sport Whole MP: 5.3+ 0.5 VO2max Z No effect onVOazmax
(2010) amateur tearr (RCT: prolongedhigh- simulation body MBB: 7.3+ 2.5 during PHIIE  during the PHIIEprotocol
sport athletes compression vs. intensity FCR:5.8+1.0
control) intermittent EOA: 5.9+ 0.8 (P>0.039
exercise Ankle: 17.8+ 2.2
(PHIIE) Gast: 15.1 2.0
VL:13.1+1.7
GM: 9.2+ 1.6
Broatch et 9 males & 11 Within group 4 sets of 10 x 6 Cycling maximal  Tights Thigh: 11.7 2.3 VOzduring 7z No effect onVO; during
al.,, (2017) females, (RCT: S max sprints sprints Calf: 26.4 + 6.4 the repeated the repeted sprints
recreationally compression vs. with 24 s Ankle: 21.5 + 8.2 sprints (P=0.188
active control) recovery
between sprints
& 2 min
recovery
between sets
Bringard 6, male, Within group Part 1: Submaximal Tights Not reported VOzand ZReduced (loweryO; slow
etal, trained (RCT: Running @ 10, Running minute componenduring therun
(2006) runners compression 12,14 & 16 ventilation wearing compression
tights vs. elastic kmrh'? during the 15 (P<0.05
tights vs. control min run (part . ,
shorts) Part 2: 2) Z No effect on minute
Running @ 80% ventilationduring the during
maximal VQ therun
for 15 min (P>0.09
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Table 28. Sunmary of the published research literatumeestigating the influence of compression garmentsasdiovascular responseftinued.

Authors  Participants Design Protocol Exercise Garment Garment Performance Outcomes
Modality Pressures (mmHg) Measures
Kemmler 21 males Within group Run to Endurance Stockings Calf: 1820 VO2max Z No effect onVOzmax
etal, (RCT: exhaustion test Ankle: 24 during runto  during the run to exhaustior
(2009) compression vs. (manufacturer exhaustion (P>0.05,d=0.18)
control) values)
Varela Part 1: Part 1: Part 1: Endurance Socks 157 22 VO2max Zz No effect onVOamax
Sanz et 16, Within group 4 X 6 min (manufacturer during runto during the run to exhaustior
al.,,(2011) endurance (compression vs running @ values) exhaustion (P=0.09)
trained control) recent half .
runners marathon pace A large effect size was foun
(14.8+2.2 between compression
Part 2: b _ km.hY) (running garment and control groups
12, art 2: economy test) with lower aVOzmaxin the
endurance ,Between group compression garment grou
; (compression vs Part 2: (d=1.19)
trained control)
runners Run to
exhaustion test
@ 105% of
participants besi
10 km time (17
+ 2 km.h?)
Rimaud et 8, trained Within group Maximal Endurance Stockings Calf: 22 VO2max Z No effect onVOzmax
al., (2010) males (compression vs.  incremental Ankle: 12 during during the cycle to
control cycling test to (manufacturer  cycling test to exhaustion(P > 0.05)
exhaustion values) exhaustion
Rider et 7 male,3 Within group ~ Treadmill run to Endurance Stockings Ankle: 20 VO2max Z No effect onVOamax
al., (2014) femalecross (RCT: exhaustion Calf: 15 during runto  during the run to exhaustior
country compression vs. (manufacturer exhaustion (P>0.05)
runners control) values)

MP = Medial Pectoralis; MBB = Medial Biceps Brachii; FCR = Flexor Carpi Radialis; EOA = External Oblique Abominus; Gasben@asus; VL = Vastus Lateralis; GM
= Gluteus MaximumRF = Rectus Femoris; BF = Biceps FersoRCT = Randomised Control TrialO2max= Maximal Oxygen Consumption; W& Oxygen Consumption;

W = Watts Z significant decreas¢; no change
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2.9 Blood Flow

A purposed mechanism frequently claimed by sports compression garment manufacturers as
underpinning the utilityof their clothing is increased blood flow and enhanced haemodynamic
responses. In clinical practice, compression garments have been shown to provide an external pressure
to limbs which constrict dilated veins and reduce venous reflux and og@ama et al., 1992)in
addition, clinical research has found increased ejecting capacity of the calf muscle (muscle pump) when
wearing elasticated compression stockings which elicit a peak pressure of 30 mmHg at the ankle
(Christopoulos et al., 1990The muscle pump occurs when blood vessels embedded within a muscle
are compressed during contraction of the muscle. The contraction elevates blood pressure which forces
the blood through amway valves and drives the blood back proximally to the heart. Individuals with
venous disorders such as a weakened valvular function are susceptible to venous reflux, thus, increasing
the likelihood of oedemd.awrence & Kakkar (19808howed that compression stockings which elicit
pressure of 18, 14, 8, 10 and 8 mmHg athide, calf, kee, lower thigh and upper thigh, respectively,
significantly increased deep venous flow velocity in a supine position. However, higher pressures of
30, 26, 14, 18, 12 mmHat the identical locations increased deep venous flow velocity but also caused
a sgnificant impairment of calf subcutaneous tissue flhiu. and colleagues (200®&)vestigated the
effect of differently pressured compression stockings on venous flow velocity in the lower limbs. Four
compression stockings were used in thalgtwhich were light, mild, moderate and strong which
elicited corresponding pressures of 101%.0, 18.4 21.2, 25.7 32.1, 36.4 46.5 mmHg. Theesults
found thatvenous peak blood flow velocities increased in the popliteal veins by 9.64%, 25.78%529
and 26.47% from baseline values, in the light, mild, moderate and strong conditions respectively, when
applied for 170min. It is proposed that compression garments compress superficial tissues which
subsequently compress underlaying veins to rechuie diameter, increasing velocity and reducing
venous poolingMacRae et al., 2011However, aRemodynamic changes seem to greatly deperttie
position of the individual. Venous pressures are low when in a supine position and are higher in a

standing position because of the effects of gravity, as a result when standing venous congréssion
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altering llemodynamic responses becomes mofedif (MacRae et al., 2011 healthy participants,

it has been shown that compression increased venous flow velocity, however,ridiagsgesition

these same changes were not evideatwvrence & Kakkar, 1980)The potential increases in venous

flow whilst wearingcompression garments is associated with increased clearance of metabolites and
delivery of nutrient§Chatard et al., 2004)Given that in healthy individuals compression garments
seem to alter &modynamic responses only in supine positions, itldva@ppear that wearing
compression garments would have particular utility during recovery following exercise and that perhaps

such garments should be worn specifically during sleep or rest.
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Figure 2.1. lllustration showing the influence of wearing compression garments on blood flow. Adapted
from: https://www.aboutkidshealth.ca/article ?temtid=2883&language=english

2.10 Muscle Oxygenation

Muscle oxygenation is related to the relationship between oxygen consumption rate and the rate
of oxygen supply. Typically, while muscle oxygen consumption is constant for a specific task, the
oxygen r@lenishing rate can vary and is related to the muscle blood(@oza et al., 2012)he use
of compression garments has been shown to increase muscle oxygenation in static positions. For
instance,Chohan and colleagues (2018und that the application of compression increased muscle
oxygenation by 32.25% in a seated position when compared to no ceioprés additionDermont
and colleagues (201&%ed fifteen differently pressured calf compression sleeves and measured muscle

oxygenation in a seated position. The authors found a dose response to compression as calf muscle
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oxygenation increased 6.9% for the lowest pressured garment up to 22.6% Hayhibst pressured
garment. However, beneficial effects of compression garments on muscle oxygenation during dynamic
movement such as exercise are more difficult to demonstratengthe first two minutes of exercise
oxygen use is greater than oxygenmupthus,at the onset of exercise, muscle oxygenation is reduced
(Coza et al., 2012Muscle oxygenation subsequently recovers aiscctiange back to normal muscle
oxygenation is an index for rate of recovery. In a studyCbya and colleagues (2012articipants
performed 40 heel raises per minute fomih whilst wearing a compression calf sleeve or no
compression. Muscle oxygenation of the calf was measured using near infrared spectroscopy. The
results showed that d¢ainuscle oxygenation recovery rate was 24% higher during the heeled raise
exercise when wearing compression garments compared to no compression. CorBreesely,and
colleagues (2017pund that, during 4 sets of 10 x 6 second maximal cycle sprints, muscles oxygenation
of the vastus lateralis was not different when wearing compreighia compared to ho compression

(P > 0.05). However, blood flow of the vastus lateralis was 18.4 + 11.1% higher when wearing
compression tights compared to no compression. In addition, peak power was 5.3 = 2.6% higher when
wearing compression tights coargd to nho compressiolt. is possible that an increase in muscle
oxygenation at the onset of exercise produced by wearing compression garments, could have a positive
effect on exercise performance and recovery by increasing the oxygen availabilitynestiteq Coza

et al.,, 2012) However, further research is required to examine the effect of wearing compression

garments on muscle oxggation during exercise.

2.11 Interface Pressures and Pressure Monitoring Devices

Although sports compression garments are used within different sports, little is known
regardingthe optimal pressure a compression garment should elicit to a specific area of the body to
provide the greatest physiological bengfgrophy-Williams et al., 2014) In clinical practice,
compresion garments undergo standardised assessments to quantify the elicited pressures on patients
(Stout et al., 2012As a result, recommendations and prescriptions exist for the elicited pressures that
should 2 applied to treat specificenous insufficiencies and diseases. However, this is not the case

with sports compression garments. Existing published research investigating the effect of sports
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compression garments on exercise performance and recoveryllyygictiers from the serious
limitation of not reporting (and often not measuring) the actual pressure elicited by the compression
garment being examingBartsch et al., 2006ven research that has reported the compression garment
elicited pressures, typically rely on the manufacturer claimed eliptessures, rather than directly
guantifying the pressurgPriller & Halson, 2013; Stickford et al., 2015; Struhér et al., 20G8yen

t hat 6o0f f the shelfd commercially available con
extra-small, small, medium, large and extaage) it is likely that individuals who fit within the same

sizing category may experience different levels of compression as body morphology may vary between
individuals. There is evidence to suggtsit byweaing standard sized compression garments and
using manufactureestimated size categories, measured garment pressures vary between individuals
even if individuals fit within the same sizing categ{yophy-Williams et al., 2015; Hill eal., 2015)
Therefore, it is likely that while reporting the manufacturer claimed elicited pressures these do not in
reality accurately describe the pressures experienced by the study population. If sports compression
garment research accurately quantified the etigiressures of the garment used, this would enable
more confident prescription of optimal pressure and pressure gradients to apply with compression

garments to potentially enhance exercise performance and re¢Bvepyy-Williams et al., 2014)

The first techniques used to measure comesgarment elicited pressure used electro
pneumatic and fluidilled pressure transducer@ergusorPell et al., 2000;Partsch, 2005)
Piezoresistive prease sensors have also been used to measure compression garment elicited pressure
(Burke et al., 2014)Piezoresistive pressure sensors function by measuring the change in resistance
under mechanical load. The sensor of these devidggitzlly thin and suitable for applying between
the compression garment and skin interface. However, piezoresistive pressure sensors are susceptible
to hysteresis and drift, and are not suitable for long-8osde measurements, or for measuring objects
with sharp curvature, or for measuring low press{fesgusorPell et al., 2000Partschet al., 2006;
TamezDuque et al., 2015 Current guidelines list 22 portable pressure sensor devices for application
in-vivo, including pneumatic, piezoelectric, resistive and capacitive pressure s¢Rsotsch et al.,

2006) However, some of these devices have not been valifsteldanus et al., 2020Pneumatie
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based pressure sensor devices sudieaBGroup Kikuhime, Microlab PicoPress and Salzmann MST

have been used to measure the pressure elicited bg sparpression garmenrophy-Williams et

al., 2015; Partsch & Mosti, 2010; Troynikov et al., 20TBjese devices are the most commonly utilised

within compression garment research stu@igke et al., 2014)Pneumatidased pressure sensors
typically consisof a thin, air filled bladder connected to a pressure transducer via flexible (Blzind

et al.,, 2010) When the bladder of the pressure sensor is placed between the skiongréssion

garment interface, pressure is applied to the bladder and the volume of the bladder decreases thus
increasing the internal bladder pressure. It is assumed that the internal bladder pressure is equal to the
external applied pressure of the coegmion garmer(fFlaud et al., 2010)Althoughpneumatiebased

pressure sensor devices have been shown to provide repeatable results, they may be sensitive to
temperature changé€Bartsch et al., 2006Moreover, these devices can be sensitive when placed on
areas with sharp curvature which can result in an over estimation of pressure by up ({Bd8@&t

al., 2014) Pneumatidased pressure sensors are suited for static measuseomdy, due to limited
portability and capacity during exerciégcanlan et al., 2008; Wang et al., 2018)r example, the

Kik uhi me pressure sensor device measures pressur
pressure transducer. However, during exercise, pressure applied to the sensor is likely to change
drastically and quickly due to shape changes of underlyingeisduring exercise such as muscle
contraction and relaxion. As the measured pressures cannot be saved or tracked it may be difficult to
accurately trace interface pressures during exercise. Furthermore, the sensor and transducer must be
connected via tubion which may cause practical problems such as restriction of movement during
exercise. The PicoPress pressure sensor device can be used to measure pressures elicited by a
compression garment during exercise. This device can be synchronised to a compatibieicvia

software and record up to 100 live pressure measurements, thus pressure can be tracked during exercise.
Currently, in the compression garment research literature there seems little agreement as to the most
appropriate pressure sensor devicede to measure garment interface pressure. However, the sports
compression garment studies that have directly measured garment elicited pressure have typically used
the Kikuhime pressure sensor deiagins et al., 2020; Barwood et al., 2013; BropMfiliams et al.,

2019; Hill et al., 2017; Toolis & McGawley, 2020)
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The Kikuhime pressure sensor device has been shown to be a reliable and valid method to
measureompression ivitro using a water column reference stand&wbphy-Williams et al., 2014;
Van den Kerckhove et al., 200However, recently the device has been shown to produce unacceptable
validity in-vivo at different orientationganterior, lateral, medial and posteriah the maximal
circumference of the calf and to consistently overestimate measured pregdechbtanus et al.,
2020a) McManus and colleagues (202@rommended the use of the PicoPress pressure sensor device
as an alternate device for measuring sports compression garment pressive) @s it provide
smaller mean bias and limits of agreement when both devices were compared to a Hohenstein System
(HOSY) reference standarthterestingly, the authors found that when the Kikuhime and PicoPress
pressure sensafevices were compared-witro using a watecolumn reference standard, they both
showed excellent reliabilityr = 0.99). Consequently, it would seem that factors relating to the human
body may cause the evidenced change in reliability between the two devices. The most likely cause of
the observedifferences is the ability of the pressure sensor device to measure pressure over areas with
sharp curvatureSharp curvature can result in an over estimation of pressure by (Ba¥ke et al.,
2014) The results showed that withoth pressure sensor devices, the measured pressures were
consistently highest at the anterior orientation of the leg. This is likely due to the anatomical structure
and tissue architecture within the adidteelbyiaor | eg
compression garment is ingaly proportional to the radius of curvature at the measured location
(McManus et al., 2020)Therefore, following this principle,ressure applied at the tibialis anterior
muscle may be higher due to a sharp radius of curvature compared to the larger, more obtuse curvature

of the gastrocnemius muscle.

The size of the alfilled sensor (bladder) may also contribute to differenceméasured
pressure between devices. In the studyMmpManus and colleagues (202he Kikuhime pressure
sensor device incorporated a 38 x 30 mm awalilled sensor ereas, the PicoPress incorporated a
50mm circular sensor. A smaller sensor may provide a reduced radius of curvature which may be more
pronounced on areas with sharp curvature. In addition, a larger sensor size may distribute the pressure

within the sensoover a larger area when measuring over sharp curvature thus showing lower pressure.
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The Kikuhime pressure sensor device incorporates a 3 mm foam insert within the sensor making it 2
mm deeper than the PicoPress device. It is possible that the deepgignabf the Kikuhime sensor

may distend the material of the compression garment and subsequently increase the tension of the
garment over the sensor location. Furthermore, the protrusion of the foam insert may reduce the radius
of curvature which wouldesult in an increase in elicited pressfWimckx et al., 1990)Given that both

the location of measurement and the sensor dimensions may influemredbiere measurement, it is

important that these factors are considered when niegsiompression garment interface pressures.

Figure 22. Examples of pneumatic based pressure sensor devices typically used in compression
garment research; (AJicrolab PicoPress https://www.vipmedikal.com.tr/picoprés) MediGroup
Kikuhime https://www.varodem.nl/webshop/kikuhirmeeter/

2.12 CompressionGarment Sizing and Fit

Commercially availablecompression garments are required to fit individuals whose body
morphologies are unknown to the manufacturer; thus, generalized sizing systems are typically applied
(MacRae et al., 2011)urthermore, garments are sized differedpending on the specific type of
garment. Typically, compression arm sleeves are sized in standardragligXS), small (S), medium
(M), large (L) and extrdarge (XL). These sizes correspond to specific bicep and forearm
circumferences, likewise fatompression calf sleeves the size corresponds to maximum calf girth.
Compression tops are sized using the circumference of the ahdstompression tights are typically
sized according to thetatureandbody mas®f an individual which corresponds to XS, M, L and
XL sizes. However, manufacturers provide different size classifications with some providing a greater
range of sizes. Although commercially available garments are available in a range of standard sizes,

they may not offer optimum fit as thegarments do not consider the contrasting shape and architecture
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of the human body, rather they rely on a single point such as the maximal circumference of the calf or
bicep. As a result, it has been found that compression garments elicit different gardssiuveen
individuals even if they fit within the same sizing categ@yophy-Williams et al., 2015; Hill et al.,

2015)

Compression garments are typically developed usirgp | daw & &aculate the pressure
elicited by the garment(oynikov et al., 2010). Hoawer, the use df a p | taw t® Gakulate elicited
pressure depends on the object the pressure being applied to is cylindrical in shape. Pressures calculated
usingL a p | daw @rovide an average pressure applied around the cylindrical shape. However, i
humans, the limbs are not strictly cylindrical and this is a limitation of the measurement approach
utilized in the manufacture of commercially available compression garmvéatistyre & Baird (2006)
evaluated Laplacebs |l aw for pressure prediction
authors found that the Laplace formula overestimated pressure exerted orcyimd#rs with
circumferences less than 30 cm. Given, that the lower leg, specifically at the ankle, may have a
circumference less tha30 cm, this supports the notion that #tandard sized compression garment

may not provide an optimal f{Eigure 2.3).

Cylindrical shape typically
used to manufacture
compression garments
using Laplaces’ law

N

Smooth curvature of Sharp curvature of
the posterior upper leg the Achilles tendon

Figure 2.3. Cross sectional view of the upper and lower leg. The dark grey shapes represent the upper
leg (midthigh) (A) and lower leg (above the ankle) (B) curvature using a 3D scan model. The light grey
shapes represent the cylindrical shape typically used in cariaiheavailable compression garments.
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As standard sized compression garments may not fit optimally, there has been development of
madeto-measure compression garments which are fiéttetrding to the wear@specificbody shape.
Recently, the use of 3Bcanning has been used to manufacture r@deasure compression
garments. The 3D scanning acquires a 3D model of the wearer which is then used to optimally shape
and size the garment specifically for their body. Only a few studies have used 3D soxaheto:
measure compression garments, in the form of tights, within @artvn et al., 2020; Brown et al.,

2021) FurthermoreBrown and colleagues (202#@lemonstrated that 3D scanned, mtmmeasure
compression garments elicitigeargraduated pressufeom distal to proxima{ankle:2 9 N 5 mmHg,
cal f: 25 N 5 mmH dlg), whiah i is suggested aids \@nods flelv amametAgu et

al., 1999) Conversely, a study bgroatch and colleagues (2026howed that in three commercially
available, standard sized compression garments (Nike, 2XU and Under Armour) the peak pressure was
located at the maximal circumference of the calf; thus, a reversed pressure gradient was experienced in
the lower leg, whib may negatively affect venous flow and return. Therefore, it would seem that made
to-measure compression garments may provide a better fit compared to standard sized garments.
However, although some studi¢Brown et al., 2020)have used mad®-measure empression

garments to examine their efficacy on recovery from exerniseesearch has used such garments to

examine their efficacy on exercise performance.

2.13 Summary

Research investigating the efficacy of wearing compression garments duringeeiseofiseal
interest to athletic populations, particularly as such clothing may have ergogenic properties.
Heterogeneity exists within the sports compression garment research literaturditfaestoces in the
study designs, type of compression garmethts elicited pressures of the garments, the duration of
wear, the study populations and the type of exercise perfdivteezRae et al., 2011 he fragmented
and equivocal nature of the research literature complicates reaching a consensus regarding the beneficial
effects (or otherwise) of wearing compression garments during exercise performance or in the period
of recovery following it. Alttough studies have examined the use of compression garments on different

modalities of exercise, these studies have used standard sized compression garments which have been
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shown to elicit different pressugbetween participants, even if individuals fittkwh the same sizing
category(Brophy-Williams et al., 2015; Hill, et al., 2015)Furthermore, studies typically do not
measure the elicited pressure of the compression garments they have used, which adds further
uncertainty and difficulty when comparing the findings of the various studies in Ithislmd research
literature. Therefore, the development of a maEmeasure compression garment, based on the three
dimensional geometry of the wearer, that elicits prescribed pressures and pressure gradients which are
the same between participants, haswising utility for future research. Moreover, a novel methodology

to measure compression garment pressures is required to help establish accuratergspssise
relationships in studies that examine whether wearing compression garm@ntse exercie
performance or enhance the recovery process following exewsidmugh some research has
investigated the effect of wearing standard sized compression garments on running biomechanics and
thermal responses, no study has used A@deeasure compressigarments, with prescribed pressure

profiles, to investigate such variables.
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Chapter 3: General Methodology

3.1 Introduction

This chapter describes the methodological procedures that were used in the experimental
studies of this PhDOncluding participants and recruitment, ethical review, data collection, data
processing and data analysis techniques. For this PhD, two main data collections were performed, which
were subsequently divided into six experimemtahpters. Any procedures that appdya particular
study are described in detail in the methodology section of the individual chapter. All the studies were

performed in | aboratories | ocated at Nottingham

3.2 Participants and Recruitment

For all experimetal chapters, healthy, recreationally active individuals volunteered to

participate. Participants were recruited from t
mout hd and recruitment posters | oc atseAdpoténtial c o mmur
participant was provided with a O6participant i n

design, procedures, techniques, grelcommitment required frothe participant. Also, the document
highlighted the possible risks and discom$, as well as the benefits of participating in the study
(Appendix 1). In addition, the procedures of the study were explained verbally to the participant. All
participants were given the opportunity to ask questions or raise concerns regardingriitilstiman.
Subsequently, if a participant indicated they still wanted to participate in the study, a statement of
informed consentXppendix 2) and health screen questionnadpgendix 3) were completed prior to
commencement of the study. For the secdata collection (Chapter 4 and 6), additional COMI®
participant information was collected. The O6part
COVID-19 related risks to participating in the studyppendix4) . The O6healtheécreen
was adapted to include whether participants had previously contracted €OYAppendix 5). Also,

a separatld s9OMYltdDms questionnaired was compl et
COVID-19 symptoms prior to attending experimental triAlsgendix 6) . T h e -18 y1@pfom®

guestionnaired was c-daygplioetd atrchl abdyheytwere sulpsaquently askeg a n t
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if any of the initial information had changed-Bdurs prior to a trial. If a participant indicated any

COVID-19 sympoms, the trial would be postponed and rescheduled fapprgpriate date.

The work conducted within the thesis was performed with male participants only. Clearly, this
is a limitation of the work as including female participants would allow the rasuiis representative
of both sexes. Females were not recruited as the menstrual cycle would need to be controlled for. Given
that certain phases of the menstrual cycle may change: 1) blood flow and skin temperature (Bartelink
et al., 1990); 2) running erdse performance (Shakhlina et al., 2016); and 3) limb volume (Sawai et
al., 2018) and that the work within this thesis incorporated measurements of these variables, the decision
was made to exclude females from the study recruitment. Of course, fematbhave been tested in
the identical phase of the menstrual cycle for each experimental trial to control for the effects of the
menstrual cycle. However, with the limited time available to complete the research, caused by COVID

19, this was not a viablgption.

3.3 Inclusion and Exclusion Criteria

For the first data collection (Chapter 5, 7, 8 and 9), participants had to be older than 18 years
of age, have no medical conditions and be free from injury during the study period. Also, participants
had to berecreationally active, which in this data collection corresponded to a minimum of running

exercise for at least one hour, twice weekly.

For the second data collection (Chapter 4 and 6), participants had to be older than 18 years of
age, have no medicabiditions and be free from injury during the study period. For both data
collections, any criteria which would exclude the participant from the data collection was identified on
the 6health screen questi onnaiicpanwas delermioed priothe phy

to data collection.

3.4 Ethical Review
Ethical approval for thdirst data collection (Chapter 5, 7, 8 and 9), and the second data
collection (Chapter 4 and 6) was obtained from the University Ethics Committee, (Nottingbai T

University Ethical Committee Application for Human Biological Investigation). For the second data
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collection, as a result of the COVID® paxdemic and subsequent University closure, the ethical
application was resubmitted, with COWI® related amendemts, and approved by the University
Ethics Committee, (Nottingham Trent University Ethical Committee Application for Human Biological

Investigation).

3.5.1 Measurement ofStature and Body Mass

Participant stature was measured to the nearest 0.1 cm using a stadiometer. Participants were
instructed to remove their footwear and step onto the base of the stadiometer with their heels together
and against the baghate of the stadiometer. The invgsht or ensured that the pé:
back and head were in contact with the vertical board of the stadiometer. Participants were instructed
to stand straight and asked to breathe in deeply and the stadiometer headboard was positioned down to
themost superior aspect of the head ensuring any hair was compressed. The stature was then recorded,

and the participant was asked to step off the stadiometer.

Participant body mass waseasuedto the nearedd.01 kg using digital scales. Participants
wereinstructed to remove footwear and clothing, excluding underwear, andastahe scalesvith
their legs shoulder width apart. Participants were instructed to stand still in an upright position and to

look forward. Body mass was then recorded, and thejpants were asked to step off the scales.

3.5.2 Pressure Profile Assessment

The pressures elicited by the mademeasure compression garments were measured in
Chapter4, 5, 8 and9. Although the pressure measurement methodology remained identicaehetw
chapters, the aspect of the iglgere pressure measurements were niaaterior, posterior, medial and
lateral) differed, and the aspect of the leg used is described inckapter.The pressure profiles
defined as the peak pressure and pressuréegtanf the compression garments were assessed using a
Kikuhime pressurenonitoring device (MediGroupMelbourne, Australia). Previous research has
assessed the accuracy and reliability of the pressure monitoring device using a water column reference
metlod (typical error of measurement = ¥mHg) (Brophy-Williams et al., 2014) The three

dimensional location of pressure sensor measurement sites was acquired simultaneously with pressure
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measurements using a thireeramer a 3D moti on capture system ( Qu
sampling atLl00 Hz Participantgut onthe compression garment anighd reflective markers were

applied to thedgs using biadhesive tape, to represent the line of the leg. Four markers were placed on

each leg at the following landmarks: 1) the lateral malleolus (ankle); 2) the lateral femoral condyle
(knee); 3) the greater trochanter; andh® iliac crestThe anaomical markeldocations andnarker

placement \as performedby a trained anthropometrist (ISAK level Marker locations 2 and 3 were

removed after an initial baseline static standing measurement and were reconstructed from ankle and
iliac crest markersorr all subsequent measurements. The pressure sensor was placaeth@/enthe

malleolus between the garment and skin interfagd then pulled up the leg in approximately 5 cm
increments. Measurements were stopped when the sensor reached the ligutdahfold. Following
eachmeasuremenincrement, and prior to reading the pressusikie a reference Orefl
mar kerd was pl aced fooa mirimum of dwo rsecond® defne the éxach
measurement location with reference toldregth of the legThe length of the leg watefined by the

line between the lateral malleolus andager trochanter marke(Eigure 3.1).

To extract the pressure measurement locations from reflective marker trajectories, the Qualisys
motion capture file were used, and the reflective markers were labelled relative to specific landmarks
to indicate the marker location (i.e., left leg medial ankle). Once labelled, the files were exported as
.MAT files and a custom programme (MathWorks Inc., MA, USA) waslus select each pressure
measurement location (location of the wand marker during measurement). Each location was expressed
as a percentage, relative to the length of the leg. The measurement locations were subsequently written

into aMicrosoft Excel shet and paired with the corresponding pressure measurement (mmHg).
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Pressure monitor

R

Reflective marker

Wand marker

‘Wand

Figure 3.1. Participant wearing the compression garment during the pressure pesissment. The
6reflective markersdé6 applied to define |l eg |l eng
elicited by the gar ment (dibsvbald mar pepodi mpab) j et
pressure measurement to reference the measurement location relative to leg length, are indicated in the
figure.

3.5.3 Infrared Thermal Imaging

Infrared thermal imaging was used@mapter7 and 8 to measure skin temperatusad the
imaging procedures were identical (detailed description bekif temperature was measured using
a FLIR T1020 infrared thermal imaging camera (FLIR Systems Inc., Wilsonville, Oregon, USA) with
aninfrared sensor refidion of 1024 x 768 pixels, thermal sensitivity of < 0.02 at 30°C, frame rate of
30 Hz and spectralldamgeTlthetweedni &s 5wimt hin this
thermal imaging applied specific participant restrictions prior to the ewrpatal trial, following
recommendations bisoreira and colleagues (2017a; 2017bhese restrictions were: refrain from
alcohol consumption and strenuous exercisen@4 prior to an experimental trial; refrain from
smoking, caffeine consumption, large meals, ointments, cosmetics, showering, excessive ultraviolet
light (sun) exposuremassage, electrotherapy, cryotherapy, ultrasound and excessive heat or cold
exposure on the day of an experimental trial; finadiigend the experimental trials at leaghi@irs

postprandialThermograms (thermal images) of the anterior and posteriar i lower legs were
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captured. Prior to infrared thermal imaging, participants rested foni@@o acclimate to the room
temperature. Also, prior to infrared thermal imaging, 1 x 1cm thermally inert tape markers were placed
at six specific locations afie anterior and posterior aspects of the left and right legs and marked with
indelible ink. The locations were: (A) 5 cm proximal from the centre of the ankle malleolus (anterior);
(B) the most proximal aspect of the patella (anterior); (C) paralleletgltiteal fold (anterior); (D) 5

cm proximal from the centre of the ankle malleolus (posterior); (E) parallel to the most proximal aspect
of the patella (posterior); and (F) ¢me gluteal fold (posterior) Hgure 3.2. The marker tape was
visible on thehermogramss the tape was consistently lower in temperature compared to the leg. These
locations were subsequently applied to standardise segment refgiotesast(defined as the selected

area on the leg of which temperature data is extracted frastsgsigure 3.3). For the studies in this
thesis, the regions of interestre selected ashe area between the distal and proximal marker tape
locations(Figure 3.3. Separate thermograms were captured for the anterior lower and upper legs and
posterior bwer and upper legand these segments were used foe temperature extraction and
analysis. All thermograms were capturedgproximatelylm from the participant. The distance of the
camera was adjusted for taller individuals to certify that the reteregions of interest were captured

and to ensure a similar amount of the legs present in the theragrambetween participant3.he
infrared thermal imaging camera was positioned on a tripod to ensure a still image and placed
perpendicular to the participant for each thermogram capture. The tripod was adjusted up and down to
capturethermograms othe upper legs and lower legs. For each thgnaro, participants stood with

their legs shoulder width apart with relaxed musculature and their arms crossed over their chest.
Participantstood on an exercise step to avoid contact with the cold floor. Furthermore, a foam mat was
placed next to the exagse stepwhich allowed participants to remove footwear and clothing without
contacting the cold floorPrior to infrared thermal imaging, objective parameters of reflective
temperature and emissivifgtescribed belowyere input intdhe infraredhermalcamera settingssing
protocols by thelnternationalOrganisation for StandardisatidiSO 184341:200§. The infrared

thermal imaging camera was manually focused prior to taking the image to ensure a clear thermogram.
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Figure 3.2. Thermally inert tape markdocations(A, B, C, D, E and Fpn the anterior and posterior
aspect of the legs, which were used to standardise the leg segment regions af interest

Proximal Tape
Marker

Region of
Interest

Distal Tape
Marker

Figure 3.3. The shaded area of the lower leg is an example of a region of interksed by the area
between the distal and proximal tape markasgd for temperature extraction in the studies of this
thesis.
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Camera Reflector

Infrared Thermal Exercise Step

Imaging Camera

Measuring Tape

Camera Tripod Floor Mat

Figure 34. Equipment used for conducting the infrared thermal imagmparticipantsincludng the
infrared thermal imaging camera, tripa@kercise stepused forparticipants to stand on during image
capture) floor mat(used to limit participant contact with cold floptape measure (used to define
landmarks), andamera reflector (used toemsure reflected temperature)

Reflected temperature is defined as the thermal radiation originating from other objects that
reflect off the object being measur@80, 2008) Reflected temperature is used by the camera as an
adjustment to accumldy calculate temperature. The reflected temperature may be influenced by
ambient temperature conditions; therefore, reflected temperature was measured at the start of each
experiment al trial. Refl ected t e mpeasdescribeccby was mi
the SO (184341:2008). This method consistof: 1) inputting the camera distance from the imaged
object a¥dmand an emissivity value of 1; 2) positing a cardboard square with aluminium foil fixed
to it, in front of the camera; 3) selax) a rectangle region of interest on the camera, which edvee
aluminium foil and recolidg the average temperature of the foil; and 4) itipgthe obtained averag
temperature into the camera settings. The presence of external sources of infrared radiation, located in
close proximity to the measured object, may influence measurement accuracy. Potential external
sources of infrared radiation in this study were: tetegc devices, humans, radiators, water pipes and
lights. To limit the influence of these external sources of infrared radiatiom eo&lon, withno

sources of external infrared radiation inside, was applied prior to taking any thermal image.
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The emssivity of an object is the ratio of the actual amount of infrared energy emitted compared
to the theoretical maxi mum amount of energy that
can range from O to (Bernard et al., 2013A black body is used as a reference as it is one of a limited
number of objects that has an emissivity oEfnissivity of cean human skin has been reported to be
0.98, and this value has been determined and applied in previous research when assessing skin
temperature using infrared thermal imag{Rgiego Quesada et al., 2015; Villaseiora et al., 2009;
Watmough & Oliver, 1968)As a result, an emissivity of 0.98 was used for the studies within this thesis
and input into the infrared thermal imaging camera settings and subsequently used by the camera to

calculate temperature.

Ambient temperaturandrelative humiditywere measukusing a digital weather statiamd
were input into thénfrared thermal imaging camera settings. The distance between the infrared thermal
imaging camera and the participant was measured with a flexible tape measure and input into the
infrared thermalrmaging camera settings. Finally, external infrared window compensation was left
unactive in the infrared thermal imaging camera settings as no window compensation was used for the
studies in this thesis. The input of these parameters into the thermahgraghera settings aids

measurement accuracy and are defined below.

1 Emissivityi How much infrared radiation an object emits compared to a theoretical maximum

amount wusing a reference O6black bodyd.

1 Reflected TemperatuiieThis is used for compensating fible radiation from the surrounding

area reflected by the object into the thermal imaging camera.

1 Atmospheric Temperaturel' he temperature of the air between the camera and the object being

examined.

1 Relative Humidityi Defined as the ratio of the amduof water vapor present in the air
(between the thermal imaging camera and the object being examined) compared to the greatest

amount possible at the identical temperature.

1 Object Distance The distance between the thermal imaging camera andbjeet being

examined.
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1 External Infrared Window Compensatiorthe temperature of protective windows/shields or

external lenses that are located between the thermal imaging camera and object being examined.

Temperature |

External IR | [ Distance |
Window
C ation

Figure 35. Method of measuring reflected temperature: A) image the aluminium foil, B) record the
average temperature of the aluminium foil, and C) input reflected temperature as well as emissivity,
relative humidity, ambient temperature, distance and externaledfradiation window compensation

into the infrared thermal imaging camera settings.

3.5.4 Kinematic Data Acquisition

In Chapter9, kinematic dataduring exercisavas measured using a thv@ienensional (3D)
motion capture system (Qualisys, Gothenburged@m). The system comprised of twelve Oqus 400
cameras, and one high speed Oqus 310 camera, and the appogonptterhardware and software
(QualisysTrack Manager version 2019.&othenburg, Swedenjyhe identical camera configuration
was used for theressure profile assessmeneflgctive markerg14 mm) were attached to specific
body landmarks and kinematic data was measured as the participant exercised within the performance
volume Figure 3.6) and each camera recorded images of the reflective rsafkéetailed description

of the reflective markdocations & provided inthe appropriate experimental chapters.

To identify 3D coordinates of the reflective markers usingdimoensional (2D) images of the
cameras, a linear relationship must exisiMeen the 2D images and the corresponding8@dinates
(Payton & Bartlett, 2007)To establish the relationship between 2D images and 3D coordinates, a
calibration of the motion capture system was performed which accurately scaled the 2D camera images
to 3D coordinates. To calibrate the system, graime was used which consistedofard 6L &6 shape

structure with four reflective makers, with known dimensions, fixed to the f(&mgere 3.7). The
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reflective markers of the-frame were used as control points durihgcalibration. The Lframe was

placal stationary in the same coordinagis as the force platfornaf the instrumented treadmill
ensuring that it was captured by all the cameras. A 60 second calibration motion capture was
subsequently performed whilst ashaped wand with reflective markers fixed to either end was moved
arourd the laboratory with specific focus within the performance volume. During the calibration motion
capture, the marketocation of both the Lframe and Tshaped wand wereneasured. These
measurements were subsequently used to scale digitised coordiratastint units using Functional
Linear Transformation (FLT) or Direct Linear Transformation (DLT) meti{&ubertson et al., 2013)

A visual inspection of the laboratory was performed prior to calibration to ensure that the camera view
was not obstructed antat no unwanted reflective markers were captured (e#lective clothing).

The 3D motion capture measurement accuracy was dependent on the accuracy of the calibration, which
was determined by the residual error of each camera. The residual errortshpvesision of locating

the position of a marker. For the research conducted in this thesisdual errothresholdbelow 2

mm was set Thus, if a residual error greater than 2 mm was acqduedg the calibrationthe 3D

motion capture system wascalibrated.

The calibrationof the 3D motion capture system created a laboratory coordinate system (z
vertical, yT anterior/posterior and kmedial/lateral), using the reflective markers located on the L
frame. The reflective markers attached to taadks of a participardlsocreated a lodacoordinate
system. The laboratory coordinate system is fixed, whereas the local coordinate system moves
depending on the specific movements of a participdre movement of a segment can be defined using

eitherthe laboratory or local coordinate systems.
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1. Amti Optima BP400600-OP-2K-STT 10494M (Force Platform)
2. Amti Optima BP400600-OP-2K-STT 10493M (Force Platform)
3. No Force Platform
4. No Force Platform

-,

k' : .‘ Front Treadmill: Amti Gen § Treadmill-

Treadmill

1K-Front 10491M.1 (Force Platform)

“ Rear Treadmill: Amti Gen 5 Treadmill-
1K-Rear 10492M.1 (Force Platform)

B - ¢ S Notes:
Y ¥ + The images of the 3D motion capture
i +x : g o | cameras visible on the illustration

i represent their position in the
: : : laboratory.

: o e + The shaded square is the
co:l:;l;ER : o S : q‘ performance volume where exercise
t ' . S S ) was performed.

A. No Force Platform
B. Amti Gen 5 B600900-2K-CTT 10455M.1 (Force Platform)
C. No Force Platform

Figure 36. lllustration of the laboratory set up for collection of kinematic and kinetic data.

»

i -

Calibration ||

R

Figure 3.7. T-shaped wand and-$haped reference frame used for 3D motion capture calibration

3.5.5 Kinetic Data Acquisition

In Chapter, ground reaction force (GRF) data was measured using two AMTI force platforms
(10492M.1) which wee incorporated into an instrumented tandem treadmill (AMTI, MA, US). The
force platforms were located below two separate treadmill vélis,a 1 mm clearance between the
two belts(Figure 3.8. The GRF was recorded simultaneously with 3D motion capture during exercise

and was measured when the part i The REmiasu@meht® o t
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were made in three axes whietere: vertical anteriorposterior and mediateral. The specific

processing of kinematic and kinetic data is described appropriately in relevant chapters.

Figure 3.8. AMTI instrumented treadmill, used in Chapter 9, which comprises of two separate treadmill
beltswith a force platform located under each belt.

3.5.6 Threedimensional Scanning

Two handheld 3D scanners were used within the research presented within this thesis. In
Chapter5, 8 and 3he Artec Evawas usedArtec Group, Luxembourd,uxembourg) In Chapter4 and
6 the Artec Leo was usgd\rtec Group, Luxembourg, Luxembourd@oth 3D scanners are based on
structured light technology wherelaystructured light pattern, typically a grid, is projected onto the
object being scanned. Thgtit pattern is then repeatedly photographed and the deformation/distortion
of the projected pattern onto the object identifies the distance and 3D geometry of the object which can
then be reconstructed as a 3D image. The largest difference between stanwing systems is that
the Artec Leo is a wireless device which provided more efficient scanning. The technical specifications

of both 3D scanners are reportedable 3.1
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Table 31. Technical specifications for thrtec Eva and Artec Leo 3D scanners

Technical Specification Artec Eva Artec Leo
3D Point Accuracy (up to) 0.1 mm 0.1 mm
3D Resolution (up to) 0.2 mm 0.2 mm
Data Type Captured Geometry and Texture Geometry and Texture
Working Distance 0471 1m 0.3571 1.2m
Texture Resolution 1.3 mp 2.3 mp
Capture Rate (up to) 16 fps 80 fps
DataAcquisitionSpeed(up to) 18 million points/sec 35 million points/sec
Volume CaptureZone 61,000 cm 160,000 cri

mm = millimetres; m = megs mp = megepixels; fps = frames per secormn®= centimetrs cubed

Two scanning methadogieswere developed to perform 3D scanning measurenvemitsh
weredependent on the 3D scanner system used. When using the wateheEparticipants stood on a
turntable with their legs shoulder width apart and their arms crossed over their chest. The turntable was
slowly rotated, and the 3D scanner captured a lowdy B® scan The Artec Eva required wired
connection to a computer during scanning, therefore, when a lower babaBBas completed, it was
inspectedon the computefor any errors before saving for subsequent proces$img.Artec Leo is
wireless, theefore, the turntable was not used when using this deRéctcipants stood stillvith their
legs shoulder width apart and arms crossed over their whést the scanner was moved around the
participant to capture the lower body 3D scan. FurthermiogeAttec Leo incorporated an interactive
touch screen which displayed the live 3D scans. Therefore, the scan was inspected for errors before
being transferred to the computer for processiligscans were processed using Artec Studio software
(Artec Group Luxembourg, LuxembourgYhe processing procedure of 3D scans is described in detail

in Chapter 6.
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(A)

Figure 39. Images of the Artec Leo (A) and the Artec Eva 3D (B) scanning systems
https://www.artec3d.com/portabBe-scanners/arteevav?2 & https://www.artec3d.com/portabBs-
scanmers/artedeo#overview

3.5.7 CompressiorGarments

The compressiogarments used in the studies presented within this thesis weretonade
measure, full leg compression tights (Kurio 3D Compression Ltd, Nottingham, UK) and were fitted
from the malleolus to the iliac credthreedimensionakcanning systems were used touie a 3D
model of each participantsd | ower body. The geon
ultimately implemented into the compression garment to pravigirment that provides an optimal fit
and a fit which is the same between partaig. The pressure profile of each compression garment was
implemented into the garment using a specifically designed software programme developed by the
company. The compression garments were made using a composite of Elastane (22%) and Nylon
(78%), in two sections as left and right legs with a seam up the centre line. The properties of the material
were det er mi ne d -hbuge tdstingprocessep Anmssessn@nt of the material was made
foll owing the standard ffort leev adluagtiingi ttyheo fo Dfed ket
1:2005) then further evaluated against in vivo measurements of pressure obtained from individuals
outside of the study population (n = 30) to estas
geometry ad elicited pressure. The measured properties were then used to determine the material size
reduction required to generate intendedLiuptressur e
al., 2017) The elastic material used for the garment facilitates dressing, such that the garment can be

stretched over variaujoint structures. Furthermore, this stretching ensures that the garment sits on the
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appropriate surface of thed without slipping. The specific intendqukak pressures and pressure

gradients of the compression garments are described in each chapter.

79



Chapter 4: A novel methodology for measuring pressure profile
In sports compression garments.

4.1 Rationale

In the literature review of this thesis it was highlighted that the aspect of the leg on which
pressure measurements are made may influencegbgupevalue recorded, with measurements taken
on hard tissues, or taken on tissues with sharp curvature, typically eliciting higher prédsivtasus
et al., 2020) There is actually no standard methodology for measuring the pressoites dly a
compression garment. Some studies have opted to measure garment pressure at three locations on the
medial lower leg and three locations on the anterior uppgBlegatch et al., 2020; Brophyilliams
et al., 2014; Bropmwilliams et al., 2015)However, using these different aspects of the leg may not
be optimal, particularly if the underlying characteristics of the tissue on which the pressure
measurement is determined varies. Therefore, the aims of this chapter were to examine if pressure
profile (peak pressure and pressure gradient) differences existed when pressure measurements were
made on different aspects of a human leg (anterior, posterior, medial and lateral). The study also
compared these (noveiethod pressure profiles with an estehled methodology (Brophwilliams

et al., 2014), frequentlysed in the research literature.

4.2 Introduction

Compression garments are specialised clothing which consist of elastomeric fibres and yarns
used to apply an external, mechanical pressure enstinface of the body for compressing and
supporting underlying tisse€MacRae et al., 2011)n recent years, compression garments have been
used within sport as a potential aid for exercise performance and recovery. Sports compression garments
are available in many forms for use on different parts of the human body such akigkneecks,
tights, shorts, full body suits, arm and calf sleefdasnstrong et al., 2015; Martindégavarro et al.,

2020; Mizuno et al., 2016; Sperlich et al., 2013; Struhar et al., 2018; Winke & Williamson, 2héig
are many proposed mechanisms which support the use of compression gavithemtsport. The
external pressure applied by compression garments has been suggested to enhance blood flow which

may assist the removal of metabolites during both exercise and red®eries et al., 2009)
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Moreover, the increase in blood flow has bassociated with enhanced oxygen delivery and increased
muscle oxygenatiofAgu et al., 1999)It has also been suggested that compression garments reduce
muscle oscillation during exercise which may contribute to a reducadtmeent of muscle fibres, in

turn, allowing improved economy during exercise and hence attenuating the fatigue (lDoeesst

al., 2003; Hsu et al., 20185ollowing exercisethe external pressure applied by compression garments
may reduce the space for swelling to devdDpvies et al., 2009andmay reduce the sensation of
postexercise delayed onset musaulsorenesqDuffield & Portus, 2007) Therefore, at least
theoretically, there are a number of reasons for hypothesising that the wearing of compression garments

could enhance sporting performance itself or augment the recovery from it.

Although some evidence supports the usecanpression garments, the published research
literature examining variables such as rating of perceived exéBRiries et al., 2009; Vareldanz et
al., 2011) sprint performancéorn et al., 2014)countermovement jump performang¢eiggins et al.,
2009 Rugg & Stenlicht, 2013) running economyBringard et al., 2006; Broatch et al., 202@pximal
oxygen uptake (V&hay (Dascombe et al., 2011; Rimaud et 2010) muscle oxygenatiofMénétrier
et al., 2011; Sperlich et al., 201@nd exercise capacifiiemmler et al., 2009; Rider et al., 20 is, at
best, equivocalLikewise, there is no obvious consensus when the published literature examining the
effect of compression garments on variables linked to the recovery from sporting performance such as
muscle soreneg&ovus et al., 2018; Kraemer et al., 2Q0tyuscle swellingFrench et al., 2008; Heiss
et al., 2018) strength recover{Hill et al., 2017; Upton et al., 201,Mlood creatine kinase reduction
(Jakeman et al., 2010; Kraemer et al., 2026y bloodactate reductiofLovell et al., 2011; Pruscino
et al., 2013)is consulted Ultimately, the findings from the existing published research literature
investigating the efficacy of wearing compresgjamments for sporting performance or recovery from

it are very unclear.

A factor which may contribute to some of the inconsistent research findings is that the pressures
elicited by the compression garments used in the research studies are typiagiligatigt quantified
(Bernhard & Anderson, 2005; Bringard et al., 2006; Cerqueira et al., 2015; Duffield et al., 2010;

Higgins et al., 2009; Houghton et al., 2009; Kraemer et al., 2010; Pereira et al., 2014; Perrey et al.,
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2008; Shimokochi et al., 2017; Winke & Williamson, 201[f)elicited pressures of compression
garments are not measured and reported, it becomes impossible to associate specific pressures with any
beneficial effects of wearing such garmesme published literature rely on manufacturer estimated
values of elided pressuréArmstrong et al., 2015; Ballmann et al., 2019; Davies ¢280D9; French

et al., 2008; Govus et al., 2018; Heiss et al., 2018; Kim et al., 2017; Rugg & Sternlicht Htd&Yer,
compression garment manufacturers typically measure elicited pressures in vivo using wooden leg
models which may not reflect thegssures elicited on a human [&artsch et al., 2006partsch and
colleagues (20068)ompared elicited pressures between several compression stockings on a wooden leg
(vivo) and human leg (vitro). Four conditions were used which consisted of different clinical standard
compressions garments which were: Class 1 garment; two Class 1 gameelatged; Class 2 garment;

and Class 3 garment. Elicited pressures were measured on six participants at the ankle behind the inner
malleolus (A), 8 cm above location &vhere the tendinous part changes into the calf mBglel9

cm above the ankle ab¢ midcalf (C) and 30 cm above the ankle (D). The identical locations were
used when measuring the garment pressures on the wooden leg. Three different sized wooden legs were
used (small, medium and large) to correspond with the human participantléithsiastudy concluded

that pressures measured in vitro generally correlate well with in vivo measurements. However, at
location A, in a standing position, pressure values were greater in the wooden leg model compared to
the human leg by 4.5, 8.2, 11.6 a&i4 (all mmHg) in the Class 1, Class 1 overlayed, Class 2 and Class

3 compression stockings, respectively. Conversely, at location C, pressure values were greater in the
human leg compared to the wooden leg by 2.4, 2.5, 2.6 and 2.2 (all mmHg) in thel OGdass 1
overlayed, Class 2 and Class 3 compression stocking, respectively. It may theall thee wooden leg

model does not replicate the shape and curvature of a human leg in terms of its musculature nor in terms
of its variation in the shape of spic landmarks such as the Achilles tendon where acute angles
typically cause pressures elicited by a garment to be elevated. In addition, a egatemot simulate

the various tissues, with their diverse compressive characteristics, of a real hgywaride cause the

leg to be hard or soft in different locations. For example, the anterior surface of the shank is hard due
to the ridge of the tibia, conversely, the posterior surface of the shank is soft due to the musculature of

the calf. The resultsfahis study emphasise the inherent methodological limitations of research which
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relies on manufacturer reported values of pressure as these may deviate considerably from the actual

pressures elicited by a compression garment on a living human participant.

Most of the published research Iiterature ha
garments. It is important to highlight that such garments are based on a cylindrical shape, therefore
areas such as the maximal circumference of the calfaiypiglicit the highest pressure (peak pressure)
as the garment may undergo the greatest stretch at this point. The location of peak pressure may be
important for establishing a pressure gradient. Compression garments are typically designed with the
intenion of providing graduated compression, with pressures highest at the distal end of the garment
and reducing toward the proximal e(iacRae eal., 2011) It has been proposed that applying a
pressure gradient improves venous blood flow and venous r@gnet al.,, 1999) The study by
Partsch and colleagues (20@0@monstrated a clear linear pressure gradient for their wooden leg model,
for each garment condition, with the highest pressure elicited at the ankle, and this wasttbe fote
the garment they examined. However, the pressure gradient on the human leg showed a reversed
pressure gradient from the locations A (ankle) to B (gaiter), with the peak pressure consistently existing
at location B. A pressure gradient may be easier to elicd wooden leg as the surface of the leg is
consistent (i.e., a hard wooden surface throughout). Whereas, on a human leg the tissue structure is
much more complex as a mixture of hard tissues (bone, ligaments and tendons) and soft tissues (muscle)

exist,potentially making it more difficult to produce a pressure gradient.

Some studies have measured garment pressure at only two lo¢Bid@esmbe et al., 2011;
Hill et al., 2014; Trenell et al., 2006; Upton et al., 20TA)pically, the two locations specified for
pressure assessment are the maximum calf circumference (medial) and 4pantiiof the thigh
between the patella and inguinal crease (antetitojvever, compression garment elicited pressures
may vary over smhblareas because of the contrasting shape and tissue structure of the human leg.
Therefore, it is plausible that the use of just two presswasurementn the lower and uppeed,
although giving some indication of the elicited pressure, may not pranidecurate reflection of the
elicited pressure over the whole leg. For examBtephy-Williams and colleague€015) measured

elicited pressure at three locations e imedial lower leg and three locations on the anterior upper leg
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whilst participants wore undersized, recommended size and oversized compression tights. When
wearing recommended sized compression tights, the mean pressure measured at the calf was 20.5
mmHg, whereas the mean pressure at thethigh was 12.4 mmHg. Therefore, it could be assumed

that the examined garment elicited a graduated pressure gradient from distal to proximal. However, the
mean pressure measured at the ankle was 9.4 mmHg, whichdstiatign fact, there was a reversed
pressure gradient elicited on the lower leg as the pressure at the calf was greater than that at the ankle.
Therefore, the use of two pressareasurement@pper leg and lower leg), commonly used in research
studies hat havedirectly determined the pressures elicited by compression garments may still be
limited, as the two pressuneeasuremens | one may not provide an accur
pressure profile defined as the peak pressure and pressure gradient applied by a compression garment).
Therefore, a greater number of pressure measurements may be required to provide aimitiwe def

indication of the actual pressure profile of a compression garment.

A method to measure the pressure profile elicited by a compression garment was adopted by
Brophy-Williams and colleagues (2014 this method, pressure was determined by placing an
appropriatepneumaticsen®r between the garment and skin interface. Pressure was recorded at six
anatomical location$g cm proximal to the distal border of the medial malleolus (A); 5 cm proximal to
A (B); on the medial aspect of the maximal calf girth (C); on the anterior asptw thigh 10 cm
below landmark E (D); the midoint between the inguinal crease and the suppdsterior border of
the patella (E); and 5 cm proximal to landmark E Hé§wever, these measurement locations are derived
from clinical practice and resesh with individuals that typically have oedema in the I@®@rtsch, et
al., 2006; Stolk et al., 2004pedema increases leg volume, thus, the shape and tissue characteristics of
the leg becomes more uniform. For example, the acute curvatimeAxthilles tendon is reduced due
to swelling caused by the oedema. Ultimately, the lower leg becomes moreicgliagid similar in
shape to the upper leg. Therefore, the aforementioned pressure locations may be adequate and
appropriate when used in clinical populations, as the lower and @ggecations may well be similar
in shape and tissue characteristicamdeer, in healthy sporting individuals the lowegWwill not mirror

the shape of the uppexd In addition, the contrast in shape and tissue characteristics between lower
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and upper leg may well depend on the aspect of the leg being examined. For etkenaplesrior lower

leg consists of hard tissues such as the tibia bone. Conversely, the posterior lower leg consists of soft
tissues such as the calf musclgpically, hard tissues and landmarks whitive an acute angular

shape will cause the pressulieieed by a compression garment to be elevéiahdasiri et al., 2020)
According to Laplacebs | aw, the pressure elici
to the radius of curvature at a given location. Ind&sManus and colleagues (202@ported that the
pressure elicited by compréss garments was consistently higher on the anterior lower leg compared

to pressure on the posterior, medial and lateral leg. Given that on the lowreldidpialis anterior
muscleand tibia bonehas a smaller radius of curvature compared with the Hamagius of the
gastrochemius muscle on the posterior leg, it is likely this causes the elevated pressure on the anterior
leg. However, thestudy by McManus and colleagues (2026hly measured compression garment
pressure at the maximal circumference of the mmai§cles Therefore, the peak pressure and pressure
gradient differences between different aspects of the whole length of a leg (anterior, posterior, medial
and lateral) & unknown. Given that different tissue structures and characteristics may influence the
pressure elicited by a compression garment, ensuring pressure is measured on tissue with similar
characteristics would seem to be the optimal approach (particularly esiblishing pressure
gradients). However, understanding the consequences of making pressure measurements on differing

types of tissue over the length of a limb such as a leg is also crucial.

Given that there is currently no standard methodology of siegepressure profilegpeak
pressure and pressure gradientyports compression garments in healthy individuals, the aim of this
studywasto examine if pressure profile differences existed when pressure measurements were made
on different aspects oflauman leg (anterior, posterior, medial and latefiie study also compared
these (novel) pressure profiles with an established methoddBmphy-Williams et al., 2015)

frequently used in the research literature.
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4.3 Methodology

4.3.1 Participants

Fifteen healthy, recreationally active participants (age 24.6 + 2.0 years, stature 178.9 + 4.5 cm,
body mass 77.4 + 6.5 kg) volunteeraad provided informed consemd participate in the studwll
participants completed a health screen questionbai@einvolvement in the study, to ensure they
had nomedical or other conditions that would have prevented them from takindPpeitipants were
instructed to refria from strenuous exercise and alcohol consumption 24 hours prior to the experimental
trials and to avoid caffeine consumption on the day of a trial whilst attending the laboratory at least 3
hours postprandialThe study was approved by a University Eshommittee, (Nottingham Trent

University Ethical Committee Application for Human Biological Investigation reference nuni$r: 5

4.3.2 Experimental Design

In this study, participants visited the laboratory on two separate occasions. The first visit was a
familiarisation trial, which consisted of a baseline 3D scan that was subsequently used to support the
manufacture of the made-measure compression garrneerior each participant. The subsequent
experimental trial comprised of wearing a madeneasure lower body compression garment whilst
pressure profiles, defined as the peak pressure and pressure gradient across the whole leg, were
measured using novelmethodology and an established method used in previous refBevatch et

al., 2020; Brophywilliams et al., 2014; BrophWilliams et al., 2015)

4.3.3 Compression Garments and 3D Scan
A detailed description of the Artec Leo 3D scanner, scanning procedure and compression

garments is provided in the General Methodol(ggrction 3.5.@&ndSection 3.5.)

Briefly, this study used maee-measure, full leg compression tights (Kurio 3D Compression
Ltd, Nottingham, UK) which were fitted from the malleolus to the iliac cAsstArtec Leo 3D scanner
(Artec Group, Luxembourg, Luxembourg) was usecaoture a laver-body 3D scan performed during
the familiarisation trial and used by the company to support the manufacture of the compression

garments. The garment was designed to elicit peak pressure within Clagg%tir8® mmHg)of UK
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clinical compression standis(BS-6612; 1985) and to elicit a linear pressure gradient. As each garment
was specifically madéo-measure for each participant it was intended that each indisidisaiment
would provide the same fit (peak pressure and pressure gradient) andfibatdbkel not vary between

participants.

4.3.4 Pressure Profile Assessments
The pressure profiles of the compression garments were assessed using a Kikuhime pressure
monitoring device (MediGroup, Melbourne, Australia) placed between the garment airdesitace.

The 3D location of pressure sensor measurement sites was acquired simultaneously with pressure

measurements using a thireeramer a 3D moti on capture system ( QL

sampling at 100 HzEight reflective markers were ami to the legs, using Hidhesive tape, to
represent the line of the leg. Four markers were placed on each leg at the following landmarks: 1) the
lateral malleolus (ankle); 2) the lateral femoral condyle (knee); 3) the greater trochanter; and 4) the iliac
crest. The anatomical marker locations and marker placement was performed by a trained
anthropometrist (ISAK level 1Y he pressure assessment using the novel method was performed firstly
on the posterior of the right leg. The pressure sensor was plammacibove the malleolus and then

pulled up the leg in approximately 5 cm increments. Measurements were stopped when the sensor
reached the line of the gluteal fold. Following each measurement increment, and prior to reading the
pressurevalue a r erfeefrleencctei véer wand mar ker 6 was pl aced
exact measurement location with reference to the length of the leg, defined by the line between the
lateral malleolus and gater trochanter markers. Once pressures were measurbkd farsterior of the

leg, the protocol was repeated for the lateral, anterior and medial anatomical aspect of the leg.

Finally, thegarmenpressure waecorded at six anatomical locations used in previous research
(established meth¢d5 cm proximal to the distal border of the medial malleolus (A), 5 cm proximal to
A (B), on the medial aspect of the maximal calf girth (C), on the anterior aspect of the thigh 10 cm
below landmark E (D), the mipoint between the inguinal crease and theesorposterior border of
the patella (E) and 5 cm proximal to landmark E Hjor the pressure measurement, the six locations

were marked with indelible ink and covered with reflective tape, which was visible through the garment.
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Preliminary data showveethat the reflective tape did not affect pressure measurements compared to
measurements made with no tape on the identical location. The sensor was placed on the first pressure
location and held in place whilst the garment was fitted by the participace. @essure from the first

location was measured, the pressure sensor was adjusted over the second pressure location, this was
repeated until pressure for all six locations was recorded. The use of the reflective tape prevented the
requirement to pull thgarment down and up for each pressure measurement of the established method.
Identical to the novel method, the exact locatioeath pressunmeasurement was determined using

3D motion capture and the refer epressure heasufementct i v e
locations, theQualisys motion capture files were used, and the reflective markers were labelled to
represent the lateral malleolus (ankle), the lateral femoral condyle (knee), the greater trochanter and the
iliac crest anatomical lamaarks. Once labelled, the files were exported as .MAT files and a custom
programme (MathWorks Inc., MA, USA) was used to select each pressure measurement location
(location of the wand marker during measurement). Each location was measured as a pestaivtage

to the length of the led’he pressure measurement locations were subsequently writteiMitimsoft

Excel sheet and paired with the corresponding pressure measurement (mmHg).

4.3.5Data Analysis
A root mean squared difference (RMSD) analyg#és used to calculate the-wivo (worn)
linear graduation parameters of peak pressurepeggbsure gradienthis analysis was used to assess
differences of peak pressure amdssure gradient between aspects of the leg (anterior, posterior, medial
and bt eral) for the whole | eg, | ower l eg and upp¢
measured pressure data were fitted with the equation of a stiagkéee equation 1) to identify the
two parameters gieak pressurggay and the pressuigradient &). For lower leg measurements the
peak pressure was located at the ankédleolusand pressure gradient was tleeluction in pressure
between the anklealleolusand the knee (50% leg lengtlior upper leg measurements the peak
pressure was located at the knee and pressure gradient wedttion in pressure between the knee

and the greater trochantéfor whole leg measurements the peak pressure was located at the ankle
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malleolusand presswe gradient was thesduction in pressure between the ankialleolusand the

greater trochanter.

A straight line was fitted to the data using
”‘ 9.0 ==, [1]
Wheremm . .is the peak pressure_is the pressure gradient amds the percentage of leg length.

The parameters and RMSD values were used to analyse garment pressure profiles between
participants on each aspect of the leg (anterior, posterior, medial and lateral). When calculating RMSD
at participant leg level, the fittinof individual leg pressure measurements was made by minimising a
conventional RMS, squaring each pressure measurement, then calculating their mean and square root

(see equation 2).

The difference between a part i tedpesgure Obthemaes ur ed

measurement location was calculated using

Juy. . B EHEEE

(2]

Where |}t is theb A O O E Arkesfred®ledsurdiy i s t he participantso mode

ands is the total number of pressure measurements.

4.3.6 Statistical Analysis

The peak pressure (interce@thd pressure gradient (gradient) data used for analysis, and
subsequently reported in the results, was derived from linear regression performed for the RMSD
analysis A oneway repeated measures ANOVA was conducted to examine lower leg, upper leg, and
whole leg peak pressure and presgealient differences for each aspect of the leg (anterior, posterior,
medial and lateral). A ore@ay repeated measures ANOVA was conducted to examine lower leg, upper
leg, and whole leg RMSD differences for each aspettienleg (anterior, posterior, medial and lateral).

Significant effects were further analysed using a Bonferroniipostest. Paired samplegests were
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conducted to examine differences of peak pressure, pressure gradient and RMSD between the novel
methodand the established methdtbr the ANOVA analysis, effect sizes were calculated as partial

eta squared]( ) and interpreted as 0.01 = small, 0.06 = medium and 0.14 =(laajen, 1988)For

the ttests and podtoc tests analysis, effect sizes were calculated as Cdhand interpreted as 0.20

= small, 0.50 = medium and 0.80 = lar@&ohen, 1988)Data are presented as mean and standard

deviation (mean + SD), unless otherwise stated. A signifidametofP < 0.05 was applied throughout.

4.4 Results
Novel Method Garment Pressure Profiles (Peak Pressure and Pressure Gradient)
Peak Pressure Whole Leg

There was a difference in peak pressure between the posterior, anterior, lateral and medial
aspects of the whole leg using the novel method (main effect condi{dn42) = 23.146P = 0.001
d p=.623]).The peak pressure was higher on the posterior compared to the lateral and medial aspects
of the leg (pairwise comparisof=0.001d = 3.07andP = 0.001d = 2.02 respectively) and was higher
on the anterior compared to the lateral and medial aspects of the leg (pairwise conparid@d1d
= 1.91 andP = 0.005d = 1.33 respectively). There was no difference in peak pressure between the
arterior and posterior aspects of the 18g51.000d = 0.03, or between the lateral and medial aspects
of the leg P = 0.101d = 0.82),(Table 4.1).
Peak Pressure Lower Leg

There was a difference in peak pressure between the posterior, atéteial, and medial
aspects of the lower leg using the novel method (main effect condidn42) = 25.812P = 0.001
d p=.648]).The peak pressure was higher on the posterior compared to the lateral and medial aspects
of the leg (pairwise comparisoR, = 0.001d = 2.56 andP = 0.001d = 2.32 respectively) and was
higher on the anterior compared to the lateral and medial aspects of the leg (pairwise coniparison,
0.001d = 1.33 and® = 0.002d = 1.26 respectively). There was no difference in pealspredetween
the anterior and posterior aspects of the g (1.000d = 0.55, or between the lateral and medial
aspects of the led?(= 0.693d = 0.00), Table 4.1).

Peak Pressure Upper Leg
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There was a difference in peak pressure between the poseterior, lateral and medial
aspects of the upper leg using the novel method (main effect condit@mp) = 13.098P = 0.001
d p= .483]).The peak pressure was higher on the posterior compared to the lateral and medial aspects
of the leg (pairwise comparisoR, = 0.001d = 1.74 andP = 0.001d = 2.00 respectively) and was
higher on the anterior compared to the medial aspect of the legi@arzomparisonP = 0.001d =
1.54). There was no difference in peak pressure between the anterior and posterior aspects Bf the leg (
= 1.000d = 0.57), between the lateral and anterior aspects of thePeg(.068d = 1.31), or between
the lateral andnedial aspects of the leB € 1.000d = 0.06),(Table 4.1
Table 41. Whole, lower and upper leg peak pressure (mmHg) for pressilmesrecorded on the

posterior, lateral, anterior and medial aspect of the right leg ttséngovel method (mean * standard
deviation).

Posterior Lateral Anterior Medial
(Novel) (Novel) (Novel) (Novel)

Peak Pressure

275229 212+2.P°¢ 276489 23.0x2.4°
Whole Leg

Peak Pressure

283+1.49 212+19%° 275+3.89¢ 227+3.2°
Lower Leg

Peak Pressure

18.3 +3.3¢ 124+3.7 16.6 + 2.9 122 +3.0¢¢
Upper Leg

a = significantly different to posterior, b = significantly different to lateral, ¢ = significalifigrent to anterior
and d = significantly different to mediaf the same leg segment (whole, lower and upper).
Pressure Gradient Whole Leg

There was a difference in the pressure gradient between the posterior, anterior, lateral and
medialaspects of the whole leg using the novel method (main effect condi(i®n42) = 11.338P =
0.001d p=.447]).The pressure gradient was shallower on the lateral compared to the posterior, anterior
and medial aspects of the leg (pairwise compariBon,0.001d = 2.36,P = 0.003d = 1.65 andP =
0.003d = 1.40 respectively). There was no difference in the pressure gradient between the posterior and
anterior aspects of the leg (pairwise comparifon,1.000d = 0.20), between the posterior and medial
aects of leg (pairwise comparisdh= 0.368d = 0.81), or between the anterior and medial aspects of

the leg (pairwise comparisoR,= 0.279d = 0.69),(Table 4.2.
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Pressure Gradient Lower Leg

There was a difference in the pressure gradiemiveen the posterior, anterior, lateral and
medial aspects of the lower leg using the novel method (main effect con&itgyvp) = 3.664P =
0.020d p=.207]).The pressure gradient was shallower on the lateral compared to the posterior aspect
of theleg (pairwise compariso, = 0.039d = 1.43). There was no difference in the pressure gradient
between the posterior and anterior aspects of the leg (pairwise comparsbi®00d = 0.40), between
the posterior and medial aspects of leg (pairwise ewizgn,P = 0.072d = 0.96), or between the
anterior and medial aspects of the leg (pairwise comparsen].000d = 0.38). There was also no
difference in the pressure gradient between the lateral and anterior aspects of the leg (pairwise
comparison,P = 0.828d = 0.70), or between the lateral and medial aspects of the leg (pairwise
comparisonP = 1.000d = 0.37)(Table 4.2.
Pressure Gradient Upper Leg

There was a difference in the pressure gradient between the posterior, anterior, lateral and
medial aspects of the upper leg using the novel method (main effect cond{Bod2) = 3.813P =
0.001d p=.381]).Thepressure gradient was shallower on the lateral compared to the posterior aspect
of the leg (pairwise comparisoR,= 0.001d = 1.79) and was shallower on the medial compared to the
posterior and anterior aspects of the leg (pairwise compafser).016d = 1.41 and® = 0.019d =
0.90 respectively). There was no difference in the pressure gradient between the posterior and anterior
aspects of the leg (pairwise comparisers 1.000d = 0.42), between the lateral and anterior aspects
of the leg (pairwise@amparisonP = 0.080d = 1.22), or between the lateral and medial aspects of the

leg (pairwise compariso®, = 1.000d = 0.28)(Table 4.2.
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Table 42. Whole, lower and upper leg pressure gradient (mmHg) for pregaluesrecorded on the
posterior, lateral, anterior and medial aspect of the right leg using the novel method (mean + standard
deviation).

Posterior Lateral Anterior Medial
(Novel) (Novel) (Novel) (Novel)
Pressur@radient ) -, 59 153427l 204+57 19.3+3.2
Whole Leg
Pressur@radient o, g5  146+88  221+129  -17.9+9.8

Lower Leg

Pressurésradient

-269+7.7%¢ -11.0+10.% -23.2+10.2 -139+11.p¢
Upper Leg

a = significantly different to posterior, b = significantly different to lateral, ¢ = significantly different to anterior
and d = significantly different to mediaf the same leg segment (whole, lower and upper).

Root Mean Squared Difference (RMSD) Whole Leg

There was a difference in the RMSD between the posterior, anterior, lateral and medial aspects
of the whole leg using the novel method (main effect conditig3, 42) = 9.902P = 0.001d p=
.414]). The RMSD was smaller on the posterior compared to the lateral, anterior and medial aspects of
the leg (pairwise comparisoR, = 0.001d = 2.06,P = 0.005d = 1.63 andP = 0.001d = 1.75
respectively). There was no difference in the RMSD between thel latetanterior aspects of the leg
(P =1.000d = 0.49), between the lateral and medial aspects of th®led.(000d = 0.61), or between
the anterior and medial aspects of the g (1.000d = 0.09),(Table 4.3.
Root Mean Squared Difference (RMSD) LawvLeg

There was a difference in the RMSD between the posterior, anterior, lateral and medial aspects
of the lower leg using the novel method (main effect conditi€(B,[42) = 11.323P = 0.001d p=
.447]). The RMSD was smaller on the posterior compaoettie lateral, anterior and medial aspects of
the leg (pairwise comparisoR, = 0.002d = 1.62,P = 0.049d = 1.37 andP = 0.001d = 2.21
respectively) and was smaller on the lateral compared to the medial aspect of the leg (pairwise
comparisonP =0.027d = 0.97). There was no difference in the RMSD between the lateral and anterior
aspects of the ledP(= 1.000d = 0.32), or betweathe anterior and medial aspects of the keg 0.609

d = 0.48),(Table 4.3.
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Root Mean Squared Difference (RMSD) Upper Leg

There was a difference in the RMSD between the posterior, anterior, lateral and medial aspects
of theupper leg using the novel method (main effect condifi¢8,[42) = 6.015P = 0.002q p=.301]).
The RMSD was smaller on the posterior compared to the anterior aspect of the leg (pairwise
comparisonP = 0.017d = 1.19). There was no difference in the RMSD between the posterior and
lateral aspects of the leB € 1.000d = 0.16), or between the post® and medial aspects of the ldg) (
= 1.000d = 0.00). There was also no difference in the RMSD between the lateral and anterior aspects
of the leg P = 0.176d = 0.85), between the lateral and medial aspects of th€ledL(000d = 0.15),
or betweenhe anterior and medial aspects of the g (0.068d = 1.08),(Table 4.3.

Table 43. Whole, lower and upper leg RMSD (mmHg) for pressaieesrecorded on the posterior,
lateral, anterior and medial aspect of the right legguthe novel method (mean * standard deviation).

Posterior Lateral Anterior Medial
(Novel) (Novel) (Novel) (Novel)
RMSD 1.8 +0.4>¢cd 2.7+£0.5% 3.1+1.12 3.2+1.12
Whole Leg
RMSD 1.4+0.6>¢¢ 26+0.9¢ 3.0+1.6° 3.7+1.4>d
Lower Leg
RMSD 1.2+0.4° 1.3+0.8 20+ 0.9 1.2+0.6
Upper Leg

a = significantly different to posterior, b = significantly different to lateral, ¢ = significantly different to anterior
and d = significantly different to medial of the same leg segment (whole, lower and upper).

Novel Method and Established Method Garrent Pressure Profiles

Using the RMSD analysis as the evaluative tool, pressure values recorded on the posterior
aspect of the leg consistently provided the lowest variability when assessing pressure profiles across
the length of the leg (when comparedhwitressure values recorded on the lateral, anterior and medial
aspects of the leg). Therefore, the pressure values recorded on the posterior aspect of the leg using the
novel met hod were subsequently compahedot mepheds
(Brophy-Williams et al., 2014yypically used in the published research literature to examine differences

in garment pressure profiles (see below).
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Peak Pressure (Whole, Lower and Upper Leg)

The peak pressure was higher in the novel method compared to the established method when
pressure values were recorded over the whole leg (t (14)0584,P = 0.001d = 2.87. The peak
pressure was higher in the novel method compared to the establistiext! when pressure values
were recorded over the lower leg (t (14)7=056P = 0.001d = 2.07. The peak pressure was higher in
the novel method compared to the established method when pressure values were recorded over the
upper leg (t (14) =2.531P = 0.024d = 1.02, (Table 4.4.

Table 44. Whole, lower and upper leg peak pressure (mmHg) for pregaluesrecorded using the
novel method (posterior) and established method on the right leg (mean * standard deviation).

Novel Method Established Method
Peak Pressure *
Whole Loy 27.5+2.2 19.8+3.0
Peak Pressure 28.3+ 1.4 * 19.0+2.9
Lower Leg
Peak Pressure 18.3+ 3.3 * 156 +4.2

Upper Leg

* = significantly different to the established method of $hene leg segment (whole, lower and upper).

Pressure Gradient (Whole, Lower and Upper Leg)

The pressure gradient was shallower in the established method compared to the novel method
when pressure values were recorded over the whole leg (t (14) = B.678,001d = 3.03. The
pressure gradient was shallower in the established method compared to the novel method when pressure
values were recorded over the lower leg (t (14) = 6.PE00.001d = 4.23. The pressure gradient was
shallower in the established method companeti¢ novel method when pressure values were recorded

over the upper leg (t (14) = 3.089,~= 0.008d = 0.74, (Table 4.5.
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Table 45. Whole, lower and upper leg pressure gradient (mmHg) for pregaluresrecorded using
the novel method (posterior) and established method on the right leg (mean + standard deviation).

Novel Method Established Method
Pressure Gradient *
Whole Log 21.7+2.9 -11.2+4.5
Pressure Gradient 26.2 +8.0* -65+11.4
Lower Leg
Pressure Gradient 269+ 7.7* -16.1 + 13.4

Upper Leg

* = significantly different to the established method of thea#g segment (whole, lower and upper).

Root Mean Squared Difference (Whole, Lower and Upper Leg)

The RMSD was not different in the established method compared to the novel method when
pressure values were recorded over the whole leg (t (141L4,P = 0.487d = 0.46§. The RMSD was
not different in the established method compared to the novel method when pressure values were
recorded over the lower leg (t (14) =.1P% 0.907d = 0.00. The RMSD was lower in the established
method compared to the noveethod when pressure values were recorded over the upper leg (t (14) =
-5.884,P = 0.001d = 1.81), (Table 4.6.

Table 46. Whole, lower and upper leg RMSD (mmHg) for pressiaieesrecorded using the novel
method (posterior) and established method on the right leg (mean * standard deviation).

Novel Method Established Method
RMSD
Whole Leg 1.8+04 1.6+£05
RMSD 1.4+0.6 1.4+09
Lower Leg
RMSD 1.2+04 05+04
Upper Leg

* = significantly different to the established method of the same leg segment (whole, lower and upper).

Novel Method and Established Method Pressure Profiles (Same Légpects)
In the established method, the medial aspect of the lower leg and the anterior aspect of the upper

leg are the sites for the pressure measurements. Therefore, for the final analysis, the garment pressure
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profile using the established method wampared to the novel method using the same aspect of the
leg. For example, the lower leg pressure profile of the established method (medial) was compared to
the medial aspect of the lower leg using the novel method.
Peak Pressure Lower Leg

The peak pressarwas higher in the novel method compared to the established method when
pressure values were recorded on the medial aspect of the lower leg (-8189G;P = 0.002d =

1.25, (Table 4.7).

Pressure Gradient Lower Leg
The pressure gradient was shallovwethe established method compared to the novel method
when pressure values were recorded on the medial aspect of the lower leg (t (14) B 5.21&)1d

=1.1D, (Table 4.7.

RMSD Lower leg

The RMSD was smaller in the established method comparked tmvel method when pressure

values were recorded on the medial aspect of the lower leg (t (24)16,P = 0.001d = 2.02, (Table

4.7).

Table 47. Lower leg peak pressure, pressure gradient and RMSD (mmHg) for pressure values recorded
using the novel method armabtablished method on the medial aspect of right leg (mean + standard
deviation)

Novel Method (Medial) Established Method (Medial)

Peak Pressure

227+32* 19.0£2.9
Lower Leg
Pressure Gradient 17.9+98* -6.5+11.4
Lower Leg
RMSD 37+14% 14£09
Lower Leg

* = significantly different to the established method.
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Peak Pressure Upper Leg

The peak pressure was not different in the novel method compared to the established method
when pressure values were recorded on the anterior aspect of the upper leg {{/d@ = 0.472d

=0.29, (Table 4.8.

Pressure Gradient Upper Leg

The presste gradient was not different in the novel method compared to the established method
when pressure values were recorded on the anterior aspect of the upper leg (t (14)R-=®076d

= 0.62, (Table 4.8.

RMSD Upper Leg

The RMSD was smaller in thetablished method compared to the novel method when pressure
values were recorded on the anterior aspect of the upper leg (t-6L8Y3,P =0.001d = 2.23, (Table

4.8).

Table 48. Lower leg peak pressure, pressure gradient and RMSD (mmHg) for preslsie®ecorded
using the novel method and established method on the anterior aspect of right leg (mean * standard
deviation).

Novel Method (Anterior) Established Method(Anterior)

Peak Pressure

16.6+2.9 15.6+4.2
Upper Leg
Pressure Gradient -23.2+10.2 1161+ 13.4
Upper Leg
RMSD 20+x09* 0.5+04
Upper Leg

* = significantly different to the established method.

4.5 Discussion and Conclusion

The aims of this chapter were to examine if pressure profile (peak pressure and pressure
gradient) differences existed whpressureneasurementweremadeon different aspects of a human
leg (anterior, posterior, medial and lateral). The study also ceuphese (novel) pressure profiles

with an established methodology (BropWiilliams et al., 2014), frequently used in the research
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literature.The main findings of the study were that peak pressure was typically higher when pressure
values weragecordedonthe posterior (18.3 to 27.5 mmHg) and anterior (16.6 to 27.6 mmHg) aspects

of the upper, lower and whole leg, compared to the lateral (12.4 to 21.2 mmHg) and medial (12.2 to
23.0 mmHg) aspects. The pressure gradient was also steeper when pressureevaheesngedon

the posterior1.7 to-26.9 mmHg) and anteriofd2.1 to-23.2 mmHg) aspects of the upper, lower and
whole leg, compared to the lateral 1.0 to-15.3 mmHg) and mediat13.9 to-19.3 mmHg) aspects.

The RMSD was lowest when pressure ealweraecordedn the posterior aspect of the upper, lower

and whole leg (1.2 to 1.8 mmHg), compared to the anterior, lateral, and medial aspects (1.2 to 3.7
mmHg). These findings clearly show that the aspect of the leg on which pressure values are taken
influences the magnitude of the values recorded. When the novel method of measuring pressure from
the current study (posterior aspect) was compared with the established method, peak pressure was
higher (posterior vs. established: 27.5, 28.3, 18.3 vs, 19.8, 15.6 mmHg, for the whole, lower and

upper legs respectively) and the pressure gradient was steeper (posterior vs. estéilished.2,-

26.9 mmHg vs:11.2,-6.5,-16.1 mmHg, for the whole, lower and upper legs respectively) when using

the navel method. The RMSD of pressure values was similar between the novel (p@stpadrand
established method for the whole leg (1.8 + 0.4 vs. 1.6 + 0.5 mmHg) and for the lower leg (1.4 = 0.6
vs. 1.4 £ 0.9 mmHg). The RMSD of pressure values was largérdaovel method (posterior) (1.2 £

0.4 mmHg) compared to the established method (0.5 = 0.4 mmHg), when recorded on the upper leg.
The results of this study suggest that the rrtagdeeasure compression garment pressure profile is
significantly influencedy the aspect of the leg on which the pressure values are recorded, with pressure
values recorded on the anterior and posterior aspects of the leg eliciting higher pressures and steeper
pressure gradients compared to the medial and lateral aspectdegf. tHewever, with respect to the
variability of pressure values over the whole leg, the values recorded on the posterior aspect provided
the smallest RMSD which is likely due to the consistent tissue structures and obtuse curvature found
on this aspect, lich may have less influence on the pressure values compared to the anterior aspect of
the leg where tissue structures and characteristics are less consistent. This study also suggests that the
novel method using only the posterior aspect of the legeaisignificantly higher peak pressures and

steeper pressure gradients compared to the established method. Various factors may explain these
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differences between methods such as the different leg aspects used, and the number of pressure values
recorded. Howeer, the greater number of pressure values recorded with the novel method may provide
a more detailed and hence informative assessment of a compression garment pressure profile,

particularly when measured on the posterior aspect of the leg which is pnedtsnmuscular tissue.

Typically, in the published literature, the actual pressures elicited by the compression garments
examined are not directly measu@tkrnhardt & Anderson, 2005; Bringard et al., 2006; Cerqueira et
al., 2015; Duffield et al., 2010; Higgins et al., 2009; Hoogtdt al., 2009; Kraemer et al., 2010; Pereira
et al., 2014; Perrey et al., 2008; Shimokochi et al., 2017; Winke & Williamson,.281s®me other
published research studies authors report the manufacturer estimated values to indicate the pressures
elicited by the compression garments they have exanfiedstrong et al., 2015; Ballmann et al.,
2019; Davies et al., 2009; French et al., 2008; Govus et al., 2018; Heiss et al., 2018; Kim et al., 2017;
Rugg & Stenlicht, 2013) Clearly, both of these approaches are far from optimal. When standard sized
compression garments are used in research studies, which is typically the case (as opposed to the made
to-measure garments utilized in the present study), thdbseligit variable levels of pressure in
di fferent participants due to variations in bod)
sizing categoryHill et al., 2015) Furthermore, manufacturer reported pressure values of a compression
garment are often attained using pressure measurements madeodea Yeg Partsch et al., 2006).
As a wooden leg does not replicate the complex tissues structures and curvature of a human leg the
pressures applied to a wooden leg may differ significantly to those generated and experienced when a
compression garment iworn by a human (Partsch et al., 2006). Therefore, using manufacturer
estimated values may be inaccurate for a given population. A method to measure the pressure profile
elicited by a compression garment was adopte8rophy-Williams and colleagues (201450r this
method,garment pressure was recorded at six anatomical locatives on the lower medial leg and
three on the anterior upper lddgowever, the differences in leg tissue structure and curvature between
the upper and lower leg may influence the pressure vakeesded by this method. For example,
measurements on the medial lower leg may pass over the tibia (hard tissue with sharp curvature),

whereas measurements made on anterior upper leg are made on the quadriceps (soft tissue with minimal
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curvature). The locain at which pressure values are recorded is critical, because, according to
Laplace's Law, if measurements are made over bony prominences the pressure values may well be
excessively high. This was demonstratedlgraart and colleagues (199%ho showed that the
pressures produced by Class Il elastic stockings around the ankle ranged froormigy &t the medial

site to 33.9nmHg at the pretibial zone (anterior). As a result, the current study examined the influence

of the aspect of the leg dine pressure values recorded.

In the current study, peak pressure was measured over the whole leg, as well as the lower leg
and upper leg independently. When peak pressure was modelled using pressure data across the whole
leg, the anterior aspect eliditéhe highest peak pressure (27.6 + 4.5 mmHg), followed by the posterior
(27.5 £ 2.2 mmHg), medial (23.0 £ 2.4 mmHg) and lateral aspects of the leg (21.2 + 2.1 mmHg). The
findings, showing that the highest peak pressure is recorded on the anteriorfabpdetyds supported
by the existing literaturéMcManus et al., 2020; Veraart et al., 19MgManus and colleagu€2020)
measured the elicited pressure of compression tights on the anterior, posterior, medial and lateral aspects
of the maximal circumference of the calf, using a Kikuhime pressure monitoring device (the same
device used in the present studihe study showethat elicited pressure was highest when pressure
values were recorded on the anterior aspect of thezhld & 4.4 mmHg) compared to the posterior
(15.9 £ 2.2 mmHg), medigll5.1 + 3.4 mmHg) and laterél6.8 + 2.1 mmHg) aspectEhe research
literaturethat has investigated the influence of the aspect of the leg on pressure values typically uses
only one pressure measurement on the calf to compare garment pressure differences, whereas the
current study used multiple pressure measurements across tleeleviyth of the leg (ankle to gluteal
fold) on each leg aspect. As a result, this provided a more complete and detailed indication of the
influence of the aspect of the leg on the pressure outputs. The higher peak pressure elicited on the
anterior aspectfdhe leg is likely due to the anatomic structure, tissues and curvature present on this
aspect of the leg caused by the tibia. Sharp curvature can result in an over estimation of pressure by
150% (Burke et al ., 2014) aasslre alicitedoby d comgression L a p |

garment is inversely proportional to the radius of curvature at the measured location (McManus et al.,
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2020). Therefore, following this principle, pressure applied at the tibia may be higher due to a sharp

radius of curvatte compared to the larger, more obtuse curvature found on the posterior leg.

The variability of pressure values recorded on a particular aspect of the leg was examined using
a RMSD analysis. The results showed that the RMSD was smaller for pressusereatrided on the
posterior (1.8 + 0.4 mmHg) aspect of the whole leg compared to the lateral (2.7 + 0.5 mmHg), anterior
(3.1 £ 1.1 mmHg) and medial (3.2 £ 1.1 mmHg) aspects of the whole leg, when pressure values were
recorded using the novel method. Alsle RMSD of pressure values was larger for the lower leg
compared to the upper leg for all leg aspects. The absolute difference between the lower and upper leg
RMSD values for the posterior, lateral, anterior and medial aspects of the leg were: 0.9,an8,1.5
mmHg respectively. This indicates that pressure values recorded on the lower leg have larger variability
compared with the upper leg. The structure of tissues and the curvature of the leg may contribute to
these findings. For example, the lovieg consists of predominately hard tissues and sharp curvature
which increases the variability in pressure values as when pressures are measured over such areas, the
pressure is elevatéblandasiri et al., 2020 onversely, the pressure measurements made on the upper
leg had smaller variability in pressure values, but these wmnilar in magnitude when the four
different aspects of the leg were compared. Given that the upper leg consists of large muscle groups
such as the quadriceps and hamstrings, the tissue and curvature is more consistent throughout, and this
probably explas the smaller variability in pressure values that was observed. Furthermore, the RMSD
for the upper leg was similar between the posterior (1.2 + 0.4), lateral (1.3 = 0.8), anterior (2.0 = 0.9)
and medial (1.2 £ 0.6) aspects of the leg. The posterioctapine leg showed the smallest variability
in pressure values for measurements made on both the lower and upper leg. Furthermore, given that the
absolute difference in RMSD values between the lower and upper posterior leg was small (0.2 mmHg),
this higHights that any effect of tissue structure and curvature were similar between the lower and upper
leg. This is likely due to the upper and lower posterior leg consisting of similar soft, muscular tissues
(calf and hamstrings). In addition, measuring owvmrsistent, predominantly muscular tissue, may be
the optimal approach as ultimately, many of the proposed beneficial effects of wearing compression

garments seem to be derived from their influence on aspects of muscle function such as blood flow,
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oxygenatbn and muscle displacement (during exercise), and therefore the particular pressure values
recorded on this type of tissue is what is likely to be eliciting any positive effects of wearing
compression garments that may be occurring. As a result of theeisraiability in pressure values

and the practical relevance of pressure measurements over the posterior leg, we purpose that using the
posterior of the lower and upper leg is the optimal aspect on which to make pressure measurements

when examining thefiect of sports compression garments worn by healthy individuals.

In the current study, pressure measurements made on the posterior leg consistently provided
the lowest variability in pressure values compared to the lateral, anterior and medial agshedegof
using the novel method. Therefore, the pressure values recorded on the posterior aspect of the leg using
the novel method were compared to those recorded using the established method typically used in the
published research literature, to examdifferences in garment pressure profiles between methods. The
modelled peak pressure at the ankle was higher when using the novel method (27.5 + 2.2 mmHQg)
compared to the established method (19.8 £ 3.0 mmHg), when pressure values were recorded over the
whale leg. Unsurprisingly, the pressure gradient was also steeper using the novel rxthod 2.9
mmHg) compared with the established method. However, these differences are likely because the aspect
of the leg and exact measurement sites that pressuresvakere recorded on differed as the novel
method used measurements on the posterior leg, whereas the established method used the medial (lower
leg) and anterior (upper leg). Therefore, as previously highlighted, the underlying tissue and shape

differenceghat exist on different aspects of the leg will influence the pressure values recorded.

To determine whether the observed peak pressure and pressure gradient differences occurred
due to pressure measurements made on different aspects of the leg betiemis nPressure data
using the same aspect of the leg were also compared. As such, for the lower leg, the medial pressure
values were used and for the upper leg the anterior pressure values were used to compare the novel and
established methods. The rasidhowed that peak pressure at the ankle, modelled using only lower leg
pressure values, was significantly higher using the novel method (22.7 + 3.2 mmHg) compared to the
established method (19.0 £ 2.9 mmHg). The pressure gradient from the ankle teah@Wer leg)

was significantly steeper using the novel methdd.© £ 9.8 mmHg) compared to the established
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method (6.5 + 11.4 mmHg). Moreover, the results showed that peak pressure at the knee, modelled
using only upper leg pressure values, was sinbiédween the novel method (16.6 £ 2.9 mmHg) and
established method (15.6 £ 4.2 mmHg). The pressure gradient from the knee to the gluteal fold (upper
leg) was similar between the novel methe2B(2 + 10.2 mmHg) and the established methdf.{ +

13.4 mmHy). There may be two main factors which contribute to the differences in peak pressure and
pressure gradient observed in the lower leg: 1) although the pressure measurements were made on the
same aspect of the leg, the exact location of each pressureremeasudiffered between methods,
therefore, it is possible that measurements were made over slightly different tissue structures and that
the curvature was not the same; and 2) more pressure values were recorded using the novel method (5
6) compared to thestablished method (3jor the lower legHowever, it could be argued that by
attaining a larger number of pressure values this may more accurately and informatively reflect the
pressure profile elicited by the compression garment. For example, fostdidished method the
pressure measurement locations on the lower leg were: 5 cm proximal to the distal border of the medial
malleolus (A), 5 cm proximal to A (B), and on the medial aspect of the maximal calf girth (C). These
locations are not equally spat across the length of the lower leg, therefore, the pressure between
location B and C is unknown. Furthermore, given that the lower medial leg has changes in curvature
caused by muscles such as the soleus and gastrocnemius the three locations wsextablighed

method excludes a large portion of the lower leg where curvature changes (curvature change from the
soleus to the gastrocnemius). However, the novel method usas Ateasurement increments from

the first pressure measuremsiie (5cm proxinal to the ankle) which may better reflect the pressures
elicited by the compression garment over the contrasting curvature of the lower leg. To further evidence
this point, the peak pressure and pressure gradient of the upper leg was not differentfiresseen
measurement methods. Given that the anterior upper leg has similar muscular tissues and limited
curvature change, this may explain why no differences of peak pressure and pressure gradient were

observed between methods for the upper leg.

The esthlished method has been used frequently within compression garment research

(Broatch et al., 2020; Brophyilliams et al.,2014; BrophyWilliams et al., 2015and the pressure
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locations used with this method aderived from clinical practice and research on individuals that
typically have oedema in the le¢Rartsch, et al., 2006; Stolk et al., 200@edema increases leg
volume; thus, the shape of the leg becomes more uniform in terms of tissue structure and curvature. For
example, the acute otature of the Achilles tendon is reduced. Ultimately, the lower leg becomes more
cylindrical and consequently similar in shape an
aforementioned measurement locations of the established method mbg soitable for healthy
individuals as a healthy leg typically has variable tissue structuresb@iree and muscle) as well as

sharp curvatureXchillestendon and tibia). Therefore, in healthy individuals an aspect of the leg which

in consistent in tisue structure and curvature may be more appropriate for establishing pressure values.
The results of the current study suggest that the posterior aspect of the leg provides the required
consistent tissue structure and minimal sharp curvature which wasiskeated by this aspect eliciting

the lowest variability of pressure values along the whole length of the leg compared to the anterior,

medial and lateral aspects of the leg.

The established method used in previous research may have practical limifatismsethod
may be timeconsuming, as the compression garment needs to be pulled down after each pressure
measurement to allow the appropriate relocation of the pressure sensor, and the garment is subsequently
pulled up and refittedBrophy-Williams et al., 2014) In this study, the estabhed approach was
adjusted so that the number of fitting cycles was minimised by identifying the six pressure measurement
locations with visible tape markers, and subsequently adjusting the pressure sensor to align with the
tape markers to ensure the cotngosition of the sensor. However, although this approach reduced the
time commitment of such a method, the adjustment of the sensor for each measurement location was
tedious and potentially error prone, particularly as the sensor needed be adjustee fradial to the
anterior aspect of the leg whilst positioned under the garment. However, the novel method eradicated
this issue as the sensor was consistently placed &bove the ankle malleolus on the posterior aspect
of the leg angubsequently pulled up the leg in approximatetrbincrements. Therefore, the novel
method required only one fitting cycle for the initial placement of the sensor and given that pressure

measurements were made the posterior aspect of the leg the posihg of the sensor was more
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efficient compared to the established method. Furthermore, the application of 3D motion capture during
the pressure measurements of the novel method allowed the quantification of pressure measurement
locations. The novel metdalso consisted of 11 + 1 pressure measurements on the posterior of the leg
compared to 6 + 0 measurements for the established method. As such, the novel method may provide a
moredetailed reflection of the pressure profile (peak pressure and presdiemgjraf a compression

garment.

Limitations

The small sample size (n15) may bea limiting factor which likely caused the insignificdnt
values, but large corresponding effect sizes demonstrated in the currenPstddyming a sample size
estimaton would identify a suitable number of participants required to allow the study to be
appropriately powered, however, this was not perfornidatrefore, we cannot be certain that the

sample size used in this study was sufficient.

In conclusion, peak prase at the ankle was highest at the anterior aspect of the7eg) £
4.5 mmHg), followed by the posterior (27.5 £ 2.2 mmHg), medial (23.0 + 2.4 mmHg) and lateral aspects
of the leg (21.2 £ 2.1 mmHg). The RMSD was smallest for pressure values recorttiedposterior
(1.8 £ 0.4 mmHg) aspect of the whole leg compaodtie lateral (2.7 £ 0.5 mmHg), anterior (3.1 +1.1
mmHg) and medial (3.2 + 1.1 mmHg). Therefore, the results suggest that the posterior aspect of the leg
may be optimal for pressureeasures due to the consistent tissue structure and curvature found here.
The novel method (posterior leg) was subsequently compared to pressure values recorded using the
established method. The peak pressure at the ankle was higher when using thethode{puosterior
leg) (27.5 £ 2.2 mmHg) compared to the established method (19.8 £ 3.0 mmHg), when pressure values
were recorded over the whole leg, and the pressure gradient was also steeper using the novel method
(posterior leg) 21.7 £ 2.9 mmHg) compaik to the established methodll.2 + 4.5 mmHg).
Ultimately, the results of the current study suggest that the novel method, using the posterior aspect of
the leg, provides optimal pressure measurement due to the consistent tissue structure and curvature
found here. In addition, using the posterior aspect of the leg with the novel method means the inclusion

of more pressure measurements which provides a more detailed and better reflection of the pressure
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profile elicited by a compression garment, compareghtestablished pressure measurement method,

which is currently typically used in the published research literature.
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Chapter 5: Customised pressure profiles of madé&-measure
sports compression garmers

5.1 Rationale

The previous chapter presented the development of a novel methodology for measuring
compression garment pressures. As a result, the novel methodology was used in the current chapter to
measure compression garment pressures. In the published compressient dierature, a major
limitation is that standard sized compression garments are used which may not elicit high enough
pressures and may not provide the same fit between participantsdimetsion and tissue structure
differences within a study popatlon (Davies et al., 2009)Therefore, it has been recommended that
madeto-measure compression garments are developed based on an indiwddsl geometry and
used to provide an optimal and consistent fit within a study populé®iom et al., 2013; MacRae et
al., 2011) As a result, this chapter aiméal examine if it was possible to make mddeneasure
compression garmesthat elicit pressures that fit withand belowclinical pressure standardnd elicit

thesame pressure profiles between participants.

5.2 Introduction

Compression garments are worn to apply an external, mechanical pressure on the surface of the
body, which may compress and support underlying tissues and have been shown to reduce muscle
oscillation during exercis@oan et al., 2003; MacRae et al., 2014 xlinical practice, guidelines have
been developed to ensure appropriate prescription of compregarment pressures for specific
conditions. However, it should be noted that agreed pressure guidelines do not necessarily result in the
same classifications in all countries; for example, in the UK, France and Germany, specific compression
garment presses correspond to different classificatigmedd, 2015) In the UK, the guidelines have
three pressure classificatio336612; 1985)Classes one (1417 mmHg), two {81 24 mmHg) and
three (25 35 mmHg) Wearing compression garments is common in sporting environif)éotyy &

Tao, 2018; Yang et al., 202 Some manufacturers cl aim that t
compressionbo. Such c¢cl aims of graduated compress|

the distal end, with the pressure gradually reducing towards the proximal end, wayidmprove
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venous flow and returifAgu et al., 1999) Some research has found positive effects of wearing
compression garments on exercise performance, or during recovery from ggnaigeh et al., 2017;
Kemmler et al., 2009; Kim et al., 2017; Kraemer et al., 2010; Rugg & Ste,n#013; Sear et al.,
2010) However, other research has not been able to demonstrate such(B#é€&sso et al., 2014;
Govus et al., @18; Sperlich et al., 2013; Stickford et al., 2015; Struhar et al.,, 2018; Winke &
Williamson, 2017) Consequently, with such equivocasearch findings, it is unknown whether

compression garments aid exercise performance and recovery.

A factor that nay explain the equivocal findings in the sport related research literature is that
many studies do not measure firessure elicited by the compression garment, often reporting only
manufactureestimated values typically taken from standardised wotetgmodels(Partsch, et al.,

2006) The inadequate quantificati@f betweerhuman differences in leg geometry, and the different
stiffness characteristics of leg tissues such as bone, tendon and muscle, probably contributes to a limited
understanding of the actuakuivo pressures elicited by compression garments. arhbiguity in the

results of sport related research involving compression garments is therefore perhaps unsurprising. If
pressure is not measured, then linking the pressure profile elicited by a compression garment with any

associated performance changad physiological adaptations is impossible.

Commercially available compression garments are required to fit individuals whose body
morphologies are unknown to the manufacturer, thus, generalized sizing systems are typically applied
(MacRae et al., 2011puch compression garments are typically available in five alphanumerical sizes
i.e, extrasmall, small, medium, large and extemge. Ths lack of customization coulttad to
garments that fit poorly. Therefore, if the pressures applied by commercially available compression
garments were measured, these pressures could vary between individuals. BnojgegdyVilliams
and colleagues (201%pund the pressure elicited by compression garments to be affected by sizing.
Furthermore, it was found that byearing commercially available compressigarments and using
manufacturer recommended sizing, the measured pressures varied between individuals even if
individuals were fitted within the same sizing category. As such, if a compression garment fits poorly

there could be differences in pressurefifg® experienced by participants. The requirement for a
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compression garment to provide the same fit between legs is also of importance. It is common to have
size and shape differences between dominant andiommant legsRauter and colleagues (2017)
showed knee and calf circumferences to differ between left and right legsrig,ymale road cyclists.

Such leg asymmetry could result in commercially available compression garments eliciting more
pressure on one leg than the other, as well as providing an inconsistent fit between parfigpants.
ensure robust research study desigth sufficient reliability and validity, it may be beneficial for
participants to wear made-measure compression garments, to allow all participants to experience
equivalent pressure profiles. However, whether ntadeeasure compression garments dan

manufactured to ensure similar pressure profiles across individuals is unknown.

This study had three aims, firstly, to examine if it was possible to make atmadEsure
compression garment that elicits graduated pressures that fit within clirésalupe standards and a
control compression garment with pressures below clinical standards. It also aimed to examine whether
pressures and gradients can be replicated withi
compression garment conditionsnélly, it aimed to examine made-measure compression garment

fit between conditions and between participants¢

5.3 Methodology

5.3.1 Participants

Ten healthy, recreational male runn@rge 24.3 + 4.6 years, stature 181.5 = 1.8 cm, body mass
75.7 £ 3.8 kgmeant standard deviatigrvolunteered and provideédformed consento participate in
the studyAll participants completed a health screen questiont@ifere involvement in the study, to
ensure they had no medical or other conditionswhaild have prevented them from taking paAt.
participants refrained from strenuous exercise 24 hours before each trial and refrained from caffeine on
the day of a trialThe study was approved by a University Ethics Committee, (Nottingham Trent

University Ethical Committee Application for Human Biological Investigation reference number: 560).
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5.3.2 Experimental Design

Participants visited the laboratory four times. The first visit was a familiarisation trial, which
consisted of a baseline thrdenensional (3D) scan that was used to support the manufacture of made
to-measure compression garments for each participant. Each experimental trial consisted of wearing a
different lower body compression garment whilst pressure profiles, defined peatheressure and
pressure gradient from the distal to the proximal end of both legs, were measured. The compression

garment conditions were: tdntrol, 2)high gradienaind 3)asymmetrica(see below

5.3.3 Compression Garments and 3D Scan

The study usé madeto-measure, full leg compression tights (Kurio 3D Compression Ltd,
Nottingham, UK) and were fitted from the malleolus to the iliac crest. Within each trial, the compression
garment used differed in pressure and graduation of pressure. The presfilerefeach garment was
implemented into the garment using a specifically designed software programme developed by the
company. The compression garments were made using a composite of Elastane (22%) and Nylon
(78%), in twaosections as left and right legvith a seam up the centre line. The properties of the material
were determined by the compaiirshouse testing processes. An assessment of the material was made
following the standard for evaluatingtbeDe t er mi nat i on of t lEB14¢04ast i ci t
1:2005) then further evaluated againsvivo measurements of pressure obtained from individuals
outside of the study population €£80) to establish the relationship between material reductions, body
geometry and elicited pressufidhe measuregroperties were then used to determine the material size
reduction required tgenerate intended clinical and noimical pressures for all garments according
t o Lapl dLuet@dls 200L7xThe elastic material used for the garment facilitates dressing, such
that the garment can be stretched awaousjoint structuresFurthermore, this stretching ensures that
the garment sits on the appropriate surface oflafgewithout slipping. The control garment was
designed to elicit pressure below clinical standards (< 14 mmHg) with no pressure giiddiigh
gradientgarment was designed to elicit pressure within clinical standardé 84mmHg) and to
include a linear pressure gradient from distal to proximal (graduated compressioayfiraetrical

garment was designed to elicit control condisiamthe left leg and graduated compression in the right.
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The pressure classifications used in this study corresponded to UK compression s{@&laaiL;

1985): Classes one (1417 mmHg), two (18 24 mmHg) and three (2535 mmHg)

To develop themadeto-measure compression garments an Artec Eva 3D scaArtec (
Group, Luxembourg, Luxembourggaptured a lowebody 3D scan of each participant whilst they
slowly rotated on é&urntable standing with their legs shoulder width ap&tans were procgsd using
Artec Studio 13 softwarArtec Group, Luxembourg, Luxembourg) and exported to a cubtgin
programme (Kurio 3D Compression LT.Byhere identical garment-stzingparametersvere used for
each participant to produce material templates thattedi the required pressures in the control,

symmetrical andsymmetricaarment conditions.

5.3.4 Pressure Profile Assessment

The pressure profiles of the compression garments were assessed using a Kikuhime pressure
monitoring devicéMediGroup, Melbourne, Australia). Pressure elicited by the garments was measured
at multiple sites on the milihe of the posterior surface of each leg. The location of the pressure sensor
measurement sites was acquired simultaneously with pressure emeastg using a thirteeramera
3D motion capture system (Qualisys AB, G teborg
markers were applied to thegs using biadhesive tape, to represent the line of the leg. Four markers
were placed on each leg thie following landmarks: )1the lateral malleolus (ankle); 2) the lateral
femoral condyle (knee); 3) the greater trochanter; and 4) the iliacTinestnatomical marker locations
and marker placement was performed by a trained anthropometrist (ISAK )eBefore the pressure
profile assessment participants would have been standirg) foinutes. During the pressure profile
assessment, participants stood with their legs shoulder width apart with their arms crossed over their
chest. Participants wer@structed to stand still and to keep their musculature relaxed during the
pressure measurement. The pressure monitoring device was placed between the garment and skin
interface and repeatedly relocated by pulling the pressure monitoring device lgg fioe each
measurement. Pressure measurements were collected at about 5 cm increments up the posterior surface

of bothlegsfrom the malleolus. To obtain a precise location for the pressure measurements, a reflective
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wand marker was briefly placed on the grge measurement site before reading the predsSignar¢

5.1). The pressure profile assessment of beglslasted about eight minutes.

R -

Pressure monitor

Reflective marker

Wand marker -

Wand

Figure 5.1. Participant wearing the compression garment duringptessue profile assessment. The
6reflective markersdé6 applied to define |l eg |l eng
elicited by the gar ment (di st al to proximal), t
pressure measurement to refece the measurement location relative to leg length, are indicated in the

figure.

5.3.5Data Analysis

A root mean squared differen€BRMSD) analysis was used to calculate thevivo (worn)
linear graduation parameters of peak pressure and graduationaridiisis was used to assess
di fferences of peak pressure and pressure gradie
to deermine how well the garments fitted at both group and individual level. For this approach,
i ndividual participantsé pressure dat dineflser each
equation 1) to identify the two parameters whinmimisedthe difference between measured and

predicted pressures using a simulated annealing algoffionana et al., 1987The two parameters
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identified were peak pressure at the ankle malleghs) @nd the pressure gradiees). Thepredicted

pressure corresponded to the line of best fit generated by the algorithm.

A straight line was fitted to the data using
”‘ 9.0 ==, [1]

Wheremm 1 ,is the peak pressure at the ankég,is the pressure gradient (the reduction in pressure

between the anklmalleolusand the greater trochanter) amis the pecentage of leg length.

The parameters and RNDSalues were used to analyse garment fit between participants within
a garment condition. When calculatiRMSD at participant leg level, the fitting of individual leg
pressure measurements was made by minimising a convenRd@D, squaring each pressure

measurement, then calculating their mean and square root (see equation 2).

The difference between a participas 6 measured pressure and the pr

measurement location was calculated using

Juy. . B EHEEE

(2]

Where |1 is theb A O O E Arkesfred®edsurdiy i s t he par tcalalatpdpredssed mo d e

ands is the total number of pressure measurements.

At group |l evel, rat her than square each part
calculated pressure, we instead adopted an approach of calculating the mean differeeer bet
measured and model calculated pressures for a participant and then calculated the sum of squares of
these mean values (see equation 3). This acquires a better representation of the garment fit at group

level and is less sensitive to outliers in indival participant pressure measurements.

=| Al _H e o . - 3]
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WhereOi s the tot al number of participants and

measured pressure and model calculated presajyevés calculatedsing

« &+

B |+ I [4]

5.36 Statistical Analysis

All measurements of length were defined from the amidéleolusrelative to the length of the
leg which for this study, was defined as the shortest distance between thaaliddéusand the greater
trochanter.The peak pressuind pressure gradient data used for analysis, and subsequently reported
in the results, was derived from tRMSD method.A oneway repeated measures ANOVA was
conducted to examine peak pressure and pressure gradient in the left and the right legsticiphets
in the three garment conditions. Significant effects were further analysed using a Bornfestdiaic
test. Paired samplegdsts were conducted to assess for differenégeeak pressure and pressure
gradient between legs of each garmentd@ton. Effect sizes were calculated as partial eta squared
(d P and interpreted as 0.01 = small, 0.06 = medium and 0.14 <(@ogen, 1988)Data are presented
as mean and standard deviation (mean + SD), unless otherwise stated. A significancdleveloaf

wasapplied throughout.

54 Results
Root Mean Squared Difference

The RMSD (equation 3) between predicted and actual pressures in the left and right leg
respectively were: control garment, 2.1 and 2.1; asymmetrical garment, 2.0 ahigR.§radient
garment, 2.1 and 2.1 (all mmHg). The intedividual RMSD (equation 2) rangedrdm: control
garment, 1.5 to 3.5; asymmetrical garment, 1.2 totgdy gradiengarment1.5 to 4.5all mmHg.
Pressure Gradients Between Garment Conditions
Left Leg

There was a difference in pressure gradient between garments for the left leg (ecin eff

condition F(2, 18) = 79.527P = 0.001d p= .898] The pressure gradient was shallower indtwetrol
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andasymmetricabarments than in tHagh gradiengarment (pairwise comparisdd,= 0.001 in both
instances)As intendedthe pressure gradient in the left leg of #symmetricaarment was the same
as in thecontrolgarment (pairwise comparisdd= 1.000),(Table 5.1
Right Leg

There was a difference in pressure gradient between garments for the right legffewin
condition F(2, 18) = 89.661P = 0.001d p=.909] The pressure gradient was shallower indtwatrol
garment than in both tresymmetricabndhigh gradiengarments (pairwise comparisdh= 0.001 in
both instances). As intended the pressurdigr in the right leg of thasymmetricagarment was the
same as in thkigh gradiengarment (pairwise comparisdf,= 1.000),(Table 5.7

Table 51. Pressure gradient in the left and right legs indbwetrol asymmetricalrd high gradient
compression garment conditions (meastandard deviatign

Control Asymmetrical High Gradient
Left Leg (mmHgQ) -8.9+3.5 -7.5+3.9 -25.0£ 4.1A
Right Leg (mmHg) -7.4+3.0 -21.9+3.2* A -22.3+ 3.6A

* significantly different ketrolggmentPk@as, A significant

Peak Pressure Between Garment Conditions
Left Leg

There was a difference in peak pressure between garments for the left leg (main effect condition
[F(2,18) = 115.299® = 0.001q p=.933] The peak pressure was lower in tieatrolandasymmetrical
garments than in theigh gradientgarment (pairwise comparisoR, = 0.001 in both instanceshs
intended the peak pressure in the left leg ofatyanmérical garment was the same as in tomtrol
garment (pairwise comparison,= 1.000),(Table 52).
Right Leg

There was a difference in peak pressure between garments for the right leg (main effect
condition F(2, 18) = 111.708P = 0.001d p= .925] The peak pressure was lower in tantrol

garment than in both tresymmetricabndhigh gradiengarments (pairwise comparisdh= 0.001 in
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both instances). As intended the peak pressure in the right leg a$ythemetricabarment was the
same as in #high gradiengarment (pairwise comparisda,= 1.000),(Table 52).

Table 52. Peak pressure at the ankle in the left and right legs inathieol, asymmetrical andhigh
gradient compression garment conditions (meatattddard deviation

Control Asymmetrical High Gradient
Left Leg (mmHQ) 13.5+2.3 12.7+£25 27.7+2.2A
Right Leg (mmHg) 129+ 2.6 26.3 + 3.4 *A 27.5+1.6A

* significantly different katolgameentPk@ds, A significant

Within Garment Between Leg Pressure Gradient Differences

There was a difference in pressure gradient between legsasythanetricabarment (t (9) =
14.068,P = 0.001) and no differences in tkentrolandhigh gradiengarments (t (9) =1.324,P =
0.218) and (t (9) =1.975,P = 0.080, respectively).
3.5. Within Garment Between Leg Peak Pressure Differences

There was a difference in peak pressure between legs asynemetricabarment (t (9) =
23.141 P =0.001) and no differences in tbentrolandhigh gradiengarments (t (9) = .442, = 0.669)
and (t(9) = .262,P = 0.799, respectively).
Elicited Pressures Within Clinical Standards

As intended, for theontrol garment and the left leg of tresymmetricalgarment, elicited
pressure was below Class one of clinical compression standards over all of the legs. For the right leg of
theasymmetricabarment, 5, 32, 20 and 43% of elicited pressures were within Class three, Class two,
Class one and below clinicebmpression standards, respectively. For the left leg dfigiegradient
garment, 12, 31, 17 and 45% of elicited pressures were within Class three, Class two, Class one and
below clinical compression standards, respectively. Finally, for the right legediigh gradient
garment, 9, 30, 16 and 45% of elicited pressures were within Class three, Class two, Class one and

below clinical compression standards, respectivéliguie 5.2
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Figure 5.2. Pooled data presenting pressprefiles

for the left and right legs in the (Ajontrol (B)
asymmetricaland (C) high gradientcompression
garment conditions. Class one (1417 mmHg)
clinical compression threshold indicated by light grey
shading, Class two (18 24 mmHg) clinical
compession threshold indicated by medium grey
shadingand Class three (26 35 mmHg) clinical
compression threshold indicated by dark grey shading
(BS-6612; 1985). The dashed trendline corresponds
to the left leg pressure gradient and the fittethdline
corresponds to the right leg pressure gradient.
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5.5 Discussion and Conclusion

This study shows that it was possiblentake maddo-measure compression garmetitat
elicit pressures within and below clinical standarféistthermore, it was shown that pressures and
gradients can be replicated within and between participants legs, and between separate compression
garments. The control over elicited pressure was evidenced by peak pressure of 27.7 + 2.2 mmHg and
27.5 £ 1.6 mrrig for thehigh gradiengarment in the left and right legs of participants (within Class
three of clinical compression standards), while for the control garment, the corresponding values were
13.5 £ 2.3 mmHg and 12.9 + 2.6 mmHg (below clinical compresgamdards). The use of individual
3D scans ensured that mademeasure compression garments consistently elicited prescribed pressure
profiles in participantsdé | egs and between diff
peak pressure org@ssure gradient were found between legs in the contrdhighdgradienggarment
conditions P < 0.05. Many compression garment studies have either not measured the pressure elicited
by a garmenfCerqueira etl., 2015; Duffield et al., 2010; Pereira et al., 2014; Shimokochi et al., 2017,
Winke & Williamson, 2017pr they have relied on pressures stated by the manufafBoeus et al.,
2018; Heiss et al., 2018; Kim et al., 201&% such, it is difficult, if not impossible, to link a tiaular
garment pressure or profile to a particular performance or recovery outcome. In the current study, peak
pressures at the ankle for the high gradient garment were within Class three of the clinical compression
standards and within clinical standaser 55 to 60% of the leg length. Similarly, peak pressures at
the ankle for the control garment were below clinical compression standards for botHillegysd
colleagues (201 Bhowed that medicajrade 1l compression stockings, which elicited pressures of 24.3
+ 3.7 mmHg and 14.8 + 2.2 mmHg at the calf and thigh respectively, improved maximal voluntary
contractions and countermovement jump recoveéry 0.05). These peak pressures are sintldnose

elicited by the high gradient garment in the current study.

The current study sought to develop compression garments that provided the same fitting
betweenapat i ci pantsé | egs, as well as between parti
was achieved as evidenced by the pressure gradients between legs showing absolute differences of only

1.4 and 2.7 mmHg for the control ahijh gradientgarments, rggectively, and the corresponding
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absolute differences in peak pressure at the ankle were also small (0.6 and 0.2 mmHg respectively).
Previous researdhas found size and symmetry differences between legs, in male cyclists of up to 2%

at the calf and kne@Rauter et al., 2017As commercially available compression garments are made
assuming the geometry of both legsisthe sante,i s may | ead to an inconsi s
legs. The studies that have measured the pressure elicited by a compression garment, only measured
pressure on one ld@rophy-Williams et al., 2015, Brophilliams et al., 2017; Hamlin et al., 2012)

or did not report pressure data between ([Bgsn et al., 2014; Hill et al., 2017; Scanlan et al., 2008)

which presents a challenge when comparing the current results to previous research. However, any
effect of leg asymmetry and between participant differemaes not a factor in the current study, as the
madeto-measureompression garments were individually designed and made for each participant. The
RMSD for the fit of each garment showed a good fit between legs within each garment condition
(control: < 2.2mmHg; high gradient < 2.5 mmHg) as well as between participants (contrel355

mmHg; high gradient: 1.26.3 mmHg; asymmetrical 1-54.5 mmHg). These results demonstrate that
madeto-measure compression garments can compensate for leg asymmepgrizzigantspecific

differences.

Compression garment manufacturers claim that their garments elicit graduated compression,
whereby the highest pressure is located at the distal end of the garment and reduces pfiabacieély
et al.,, 2011) Therefore, peak pressure would be located at the ankle when wearing lower body
compression garments. It has been found that in undersized, recommended sized and oversized
commercially available compression tights, peak pressure was located at the roamgim#kerence of
the calf(Brophy-Williams et al., 2015)As a result, a linear pressure gradient was not present within
the examined compression garments. This means thatlastarsized commercially available
compression garments may not elicit a pressure gradient suitable to aid venous flow. In the current
study, as intended, a linear pressure gradient was evident within the high gradient garment as peak
pressure was locatetitae ankle and this reduced linearly towards the gluteal fold. In clinical practice,
when wearing a compression garment, it is recommended that pressure at the thigh is 40% lower than

attheanklg Oj | akcéeoj | u &. Thikgporessa gradierd is préb@sdd4o)increase arterial
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pressure and subsequently elevate venous return thus reducing venous pooling in the lower extremities
(Ol akceoj | u & Inkhacumeatstady, eressuBeOnithiigh gradiengarment redeed

by >80% at the gluteal fold from peak pressure at the ankle. However, there is no evidence to suggest
that the pressure gradients used in clinical practice provide performance or recovery benefits when
applied in healthy sports participants. In addifiehile a range of elicited pressures have been reported
atdifferent leg locations for commercially available compression garments (19.0 to 30.0 mmHg at the
ankle, 17.6 to 25.0 mmHg at the calf and 9.1 to 18.0 mmHg at the thigh), typically these priezgere

not been measured in participants whilst wearing the compression cl@lhgt al., 2015) An
advantage with the made-measure garments used in the current study is that they can be adjusted to
elicit different pressures and pressure gradients, which could be usefdlferresearch to determine

whether wearing compression garments influences exercise performance and recovery.

At the time the current study was conducted the Kikuhime pressure monitoring device was an
established method for measuring the pressures elimitedmpression garment@rophy-Williams et
al., 2014; Van den Kerckhove et al., 2QH¢cent research has challenged the validity of the Kikuhime
pressure monitoring device and recommended the use of an alternative device (Pi¢bRiMagnls
et al., 2020) The study byMcManus and colleagues (202f9monstrated that the Kikuhime pressure
monitoring device overestimated criterion pressure (as established using the Hohenstein System) by 2.9
mmHg (compared with 0.2 mmHg for the PicoRrpgessure monitoring device). However, on the other
two analytical methods of assessment used in the study to compare the pressures derived from the
measuring devices with a criteri onBlgnd&Atimani s BIl ar
1986)and regression analysis), the Kikuhime pressure monitoring device outperformed the PicoPress
device when the measurements were made at the posterior aspect of the calf and the compression
garments being worn were tights (Kikuhime vs. Pice®reimits of Agreement, +4.2 vs. +4.9 mmHg;

Regression slope parameter estimate 0.2 v¥. G#/en: i) the smaller limits of agreement and slope

1 The more consistent the value given by the pressure monitoring device as the criterion pressure
changes, the closer the parameter estimate is to zero, zero being the ideal.
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parameter noted above; ii) that the differences measured in the current study were >3 mmHg; and iii)
that dl pressure measurements were made along the posterior aspect of the leg as recommended by
(McManus et al., 2020jt can be concluded that the Kikuhime pressure monitoengd was adequate

for making the measurements here. Another recent styitliandasiri and colleagues (202@fed that

the dimensions of the diilled sensor on a pressure monitoring device may influence the accuracy of

the pressure measurement, and the PicoPress Hat\elglarge sensor area (50 mm) which may limit

its ability to measure pressure accurately on small or curved areas. Conversely, the Kikuhime device
has a smaller sensor area (38 x 30 mm) which makes it more suitable for measuring pressure on areas

with high curvatures that are found on parts of the human.&egAchilles tendon).

Limitations

In the high gradient garment elicited pressures were below clinical compression stiodards
55 and 60% of the leg length for the left and right legs respectifela result, the majority of the
upper legs did not experience pressures within clinmalpression standards (< 14 mmHg). Although
the exactelicited pressures for exercise performance and recovery benefits are uniBrowm and
colleagues 2020) found that strength recoveifpllowing strenuousexercise was enhanced when
wearing compression garments eliciting pressure of 19 + 3 mmitge ahigh. Moreoverl.ee and
colleagues (2021jound that cycling performance was also enhanced when wearing compression
garments eliciting pressure 2f.1 + 2.4mmHg at the thighGiven that the aforementionetudies
have found performance and recovery benefits when wearing compression garments which elicit
pressures within clinical compression standards on the uppét teglld be argued that in the current
study it may have been beneficial for the high gmadgarment to elicit pressure within clinical

compression standards thewholeupper leg

In conclusion, e current study demonstrated that medEmeasure&ompression garments can
be made to elicit pressures within and below clinical compression standards and elicit equivalent
pressures and pressure gradients in different participants. The results suggest tHatmeadere
compression garments could bsed within sport to provide an optimum fit between and within

individuals by using measurements from individu:

122



Further research is warranted to investigate the effect of-toameasure compression garmgeon

exercise performance and recovery.
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Chapter 6: The reliability and validity of a portable three-
dimensional scanning system to measure leg volume.

6.1 Rationale

The previous chaptelemonstratethat itwas possible tmake maddo-measure compressi
garmentdhat elicitpressures within and below clinical standaadd elicit the same pressure profiles
between participants. This was established thrdhgluse ofthreedimensional (3D)cansof each
parti ci pan tagydiredlusing @ portdble 8Dy/scanrire ability to capture 3D models of
limbsusinga fast, norinvasive approach may have utility for limb volumetric measurements. Cugrently
limb volumeis typically measured usingpemeasuregCerqgueira et al., 2015; Tan et al., 20484
water displacemen{ Ma n et al ., 2004; P dHsweeey, tap® méndu@onnor |
measurementsiay have poomiter and intraobserver reliabilityand may overestimate volur{feernie
& Holliday, 1982 Kremer et al., 2020Furthermore, water displacement is time consuming and relies
on individuals to stay motionless to reduce measurement error which may be difficult over prolonged
periods(Devoogdt et al., 2019 he portable 3D scanner has the potential to overcome the limitations
of the aforementioned methedr hereforethis chapter aimetb examine the reliabilitgndvalidity of
a structured light 3D scanning system (Artec Leo) for meastggwgolume compared to @riteriond

water displacememnhethod

6.2 Introduction

The measurement of limb volume in clinical practice is used to detect oedemas, lymphedemas,
carcinomas and fibros{8rijker et al., 2000; Ribeir&ristina et al., 2010; Ridner et al., 200&s well
as establishing the presenof disease, the accurate quantification of limb volume can be used to
examine the efficacy of clinical treatments, such as compression therapy, on a specific disorder. In
sporting environments, the measurement of limb volume can be used to examinegmyettieand
the efficacy of training programmes, but also to detect the seriousness of an injury and to establish the
magnitude of exercise induced muscle dam@&@jeomy et al., 2015)it has been suggested that the

swelling associated with exercise inducedspie damage is the result of an accumulation of
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intracellular enzymes, fluids and other constituents, present as a result of inflammation, but which
ultimately assist with muscle repéiviacRae et al., 2011¢learly, the ability to accurately and reliably
measure swelling, namely changes in limb volume, may have multiple beneficial applications in clinical

and sporting environments.

In both clinical and sporting environments, previously published research studies have assessed
limb circumference and volume using a wide variety of methodological approaches including:
measuring tapgCerqueira et al., 2015; Tan et al., 2Q0Mter displacemerfMan et al., 2004; Pasley
& 006 Co n n o magnetk deddhance imaginileiss et al., 2018)mathematical modelling
(Chromy et al., 2015ioelectrical impedance spectroscopy, computed tomography and optoelectrical
infrared scanning (Perometgiiremer et al., 2020; Sharkey et al., 2Q18pwever, many of the
existing methods currently used to quantify limb circumference and volume may have limitations when
utilized in particular clinical and sporting dats. While an anthropometric method using a tape
measure may be practical and cost effective, it
to competently perform the measurements and to perform the measurements at identical locations.
Unfortunately, inter and intraobserver reliability can be poor and the method may not provide
sufficient accuracy to determine relatively small changes in limb volume, particularly if an aim is to
compare limb volume over tin{€ernie & Holliday, 1982)Furthermore, calculating limb volume using
a tape measure requires multiple measurements on the limb, which are subsequently incorporated into
a truncated cone formula theypically overestimates limb volume because the actual geometry of a
limb is typically not well represented by a smooth cone sfiamener et al., 2020Magnetic resonance
imaging and computed tomography do not have many of the methodological problems noted above,
and so do provide a valid and reliable solution to the problem of accurately measurirvglLimie.
However, these methodsquire expensive equipment, expert staff to perform and interpret the scans,
are time consuming, and consequently will not be generally accessible in sporting environments, or
even in many clinical situatior{fSeminati et al., 2017Historically, water displacement volumetry has
been the 6édgold standardé and r e(Rabe e al.c2W10jhesst hod f

method involvesmeasurement of the amount of water displaced when a limb is submerged in a
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container full of water. The water displacedgsial to the volume of the submerged li(dochimedes'
principle). Although water displacement is considered to be cost effective and reliable, it is not without
its drawbacksit may be time consuming, it requires the participant to keep their limb nmegib
ensure measurement accuracy and to ensure the correct portion of the limb is submerged, and it is not
suitable for clinical populations with open wounds such as burns or venous (Olemsnbe et al.,

2007; Megens et al., 2001; Sander et al., 20P@thermore, there is a possible risk of cross infection,
particularly in clinical populations, using water displacement, due to the challenges of sterilising the
equipmentetween measuremer(Ridner et al., 2007)Consequently, it is clear that while currently
there are a number of different methods that carsbd to quantify limb volume, considered against

the generic methodological requirements of most clinical and sporting situations (reliability, validity,
cost, simple implementation in terms of expertise and time, minimal contamination risk) none is without

its limitations

Threedimensional scanning has recently been examined as a potential method to measure limb
volume (Buffa et al., 2015; Cau et al., 2016; Seminati et al., 20IR¢ advantages of 3D scanning
systems are that they are Aamasive, contactless, fast to acquire a 3D scan and havedpeted to
b e A ac(Earisan etald 2004)Therefore, if 3D scanning systems are time efficietiableand
valid this would make them very attractive within sport and dinpractice as a greater number of
individuals could be assessed compared to other methods such as water displacement and tape measure
methods. Also, although 3D scanning systems are more expensive than the water displacement and tape
measure methods, tldevelopment of new technology has allowed 3D scanning systems to become
more affordabléBarker et al., 2018)Thereare many types of 3D scanning systems and laser systems,
which are based on tird-flight technology, and they beaanlaser repeatedly onto an object, and a
receiver located on the scanner measures the time taken for the laser beam to rfeeob@tt back
to the receiver to calculate distance, using triangulation, and from the calculated distance, the shape of
the object can be determined. Previous research suggests that 3D laser scanning systems can accurately
and reliably measure imbwlme , when compared with the 6gol d st

(McKinnon et al., 2007; Mestre et al., 2018}ructured light 3D scanning systems @dso be used to
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measure limb volume. These 3D scanning systems project a light (typically LED) and a patterned image
such as a grid onto the object. The patterned image is then repeatedly photographed as it is projected
onto the object. The deformatioigtbrtion of the projected patterned image onto the object identifies
the distance and 3D geometry of the object which can then be reconstructed as a 3Semausi

and colleagues (2017xamined the reliability and validity of a structured ligiid s@nning system

(Artec EVA ScannerArtec Group Luxembourg City, Luxembouygvhen measuring the volunoé a

resi dual Il i mb model (which was a mould of an amp
(RomerScannerCMS108,Hexagon, UK), which wassed as the criterion measure. Three observers
completed three repeated scans of the residual limb models using the Artec EVA and Romer 3D
scanning systems. The results showed that the mean percentage error (validity) for the Artec EVA 3D
scanning system wal.4% (~30 ml difference) compared to the Romer 3D scanning system (criterion).
Also, for the Artec EVA 3D scanning systemtra-rater and interater reliability coefficients were

0.5% and 0.7%, respectively, for residual limb model volume measurerSenimati and colleagues
(2017) showed that thetructured light 3D scanning system (Artec EVA) was a valid and reliable
metlod for measuring residual limb model volume. However, only a few studies have used structured
light 3D scanning systems with human participgMedabber et al., 2016; Yamamoto et al., 2016)

and these studies have focused on facial 3D scannthgrrthan quantification of limb volume
measurements. Currently, no research has examined the reliability and validity of structured light 3D
scanning for measuring lower body limb volume in heaitftjviduals. Furthermore, given that 3D
scanning is notinvasive, contactless and fast to perform, it could be an incredibly useful tool for
accurately quantifying limb volume in both clinical and sporting environments, and hence could make
important contributions to the assessment of the extent of diseagergr far example. However,

before adopting this tool in such environments, it is necessary to determine its reliability and validity

with respect to the quantification of lower body limb volume.

The aims of this study were: 1) to examine the reliabftégtretest intra-day and inteday)

of a structured light 3D scanning system (Artec Leo) and water displacement method for measuring leg
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volume; and 2) to examine the measurement validity of a structured light 3D scanning system (Artec

Leo) for measurindeg volume compared to a water displacement method.

6.3 Methodology

6.3.1Participants

Fifteen, healthy males, (age 24.6 + 2.0 years, stature 178.9 + 4.5 cm, body mass 77.5 + 6.8 kg,
mean * standard deviatipmolunteered and providedformedconsento participate in the studyll
participants completed a health screen questionbaii@e involvement in the study, to ensure they
had no medical or other conditions that would have prevented them from takirggpcipants were
instructed tarefrained from strenuous exercise in the 48 hours prior to an experimental trial, to avoid
alcohol consumption 24 hours prior to an experimental trial and to avoid caffeine consumption on the
day of a trial.The study was gpoved by a University Ethics Committee, (Nottingham Trent University

Ethical Committee Application for Human Biological Investigation reference numb@y: 5

6.3.2Experimental Design

Participants visited the laboratory three times. During the first, vimrticipants were
familiarised with the water displacement and the 3D scan procedures. The two subsequent experimental
trials were performed on two consecutive days at the same time of day. The first erpsrinmel
comprised of baseline 3D scangoh e partici pantés |l eg volume, foll
by water displacement. One hour following baseline measurements, the procedures were repeated to
examine intraday reliability of each volume measurement method. The following day, lemeokas
measured usingoth methods for a third time to examine intlay reliability of each method-igure
6.1). At the start of both experimental trials, urine osmolality was measured to examine hydration status

and body mass was also measured.
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Trial 1 (Day 1)

Urine Identification s ‘Water DS Water
Osmolality & ‘ of Leg ‘ ( x;;. s - Displacement ( x;;. us - Displacement
Body Mass Segments (x2) 1 hour (x2)
Trial 2 (Day 2)
Urine Identification DS ‘Water
Osmokality & |WEp| ofLez  (WEp| 7" |WE| Displacement
Body Mass Segments (x2)

Figure 6.1. Displays a schematic of the study protocols of the first and second experimental trials.

6.3.3Leg Volume Locations

The volumes of lower and upplegsegments were quantified in the current study. Using-semi
permanent ik, the left and right leg of each participant was divided into foot, lower leg and upper leg
segments. Initially, éirst mark was made 5 cm above the proximal malleolus (A), which separated the
foot from the lower leg. A second mark was made on the mosinpal aspect of the patella (B), which
separated the lower leg and upper THye mostproximal aspect of the patella was used to separate the
lower and upper leg dswas an easily identifiablévia palpation)anatomical landmariwhich aided
segment sindardisation between daysnally, a third mark was placed 60 % proximal from the patella
mark (C), which defined the upper legiqure 6.2). Each mark was then extendadbund the
circumference of the leg. Using a mark that covered the circumference of the leg assisted segment
volume comparisons between measurement methods. Each mark, and the associated circumference,
was made whilst the participant was in a standingtipos as participants maintained a standing
position during the water displacement and 3D scan volume measurements. Participants were instructed
not to erase the marks to ensure identical locations could be used the following day. Prior to performing
the3D scans, textured tape (3 x 1 cm) was applied to the anterior aspect of each marked segment in line
with the original inked mark. This textured tape assisted the tracking of the 3D scanner to identify the

texture and geometry of the leg.
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Figure 6.2. Leg segments A (5 cm above the proximal malleolus), B (the most proximal aspect of the
patella) and C (60 % proximal from the patella mark) which separated the foot, lower leg and upper leg,
respectively.

6.3.43D ScanningProcedure

The 3D scanswere performed using a handheldtec Leo 3D scannerAftec Group,
Luxembourg, Luxembourgf wo consecutive scans were perfor med
at baseline, 1 hour after baseline (both Trial 1) ankld24s after the baseline (Trial 2). To perfdime
3D scams, participants stood with their legs shoula@dth apart with their arms crosdover their
chest The participants were asked to refrain from any additional movement during the scan to reduce
scan error. During the 3D scan the anterior of the lower badg captured, the scanner was rotated
around the body until the lateral, posterior, and medipkct®f the lower body were imaged to create
a 3D scan of t he pigumr6.3.8hep scanhirg,he BOoseaaner wasdheldyparéllel
to the participant at an optimal distance between 0.B20 m (manufacturer recommendations). The
3D scanner incorporates an integrated touchscreen display and perfortimsgdasion of the captured
frames. Therefore, after each competed scan, the 3D scan of the lower body was visually checked to
ensure no faults existed in the scan such as large holes or significant misalignment of frames. If faults
existed, a third scan was performed which replacedirtbufficient scan and the subsequent two

appropriate scans were used for analysis. All 3D scans pegfermed by a trained operator. The
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completed raw 3D scans were subsequently exported from the 3D scanner to a compatible computer for

scan processing.

Figure63.Exampl e of a completed raw 3D scan of a par
views).

6.3.53D Scan Processing

The 3D scanner captured geometry and texture data, the geometry data were used to determine
the shape of the lower body, whereas the texture data were used to determine the inked markers on the
scans and used for lower and upper leg segment selectioraw kmver body 3D images (scans) were
processed using Artec Studio 14 softwgketec Group, Luxembourg, Luxembourg). The scarere
aligned manually in the reference system x (anterior/posterior), y (medial/lateral) and z (vertical). To
process the 3D snas , unwanted data such as the waist, fee
tool. This removal was performed conservatively as the segment lines were not visible at this stage of
the processing. Therefore, a second detailed data removal was pdrtorogethe texture of the scan
was applied (see bel ow). A O6gl obal registratior
alignedal | the individual frames captured that contr
performed, roéomédxvembmesr were calculated, by the s
Omaxi mum errord is a metric specific to the Arte
of the quality of the overall 3iDthestudymassefdt@6 6 ma X i
(manufacturer recommendationd.ny f r ames above a Omaximum erro

subsequently del eted. Next, an 0outdoutlgimgdatee mov al
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not connected to the main 3D surfacettig scan. The outlieemoval calculatd for every surface

point, the mean distance between that point and a number of neighbouring points, as well as the standard
deviation of these distances. All points that had mean distances greater than a thedstealdy the

global distances mean and standard deviatierethen classified as outliers and removed from the

scan. The threshold of outlier removasmanually defined and a value of 0.7 was used in the current

study. ltwasimportant that the choséenhr eshol d was not small er than t
scan as this may remove valuable data mistakenl
which is a process that creates a polygonal 3D scan. It effectively solidifies all indivadnat into a

fused 3D scan. Aasthenmgplied to thebfysiencstan Whict rensbaie outlying

data located close to the scan surface. The texture of the 3D scan was then implemented, using the
O0textured algoriammoft ot lad | loevg i degmedti cmai ker s (£

was again used to remove data from the scan which were not required for volume analysis, thus any

scan data below the segment A line and above the segment C line was reffigwexlg.49 . A 6 hol
fillingd algorithm was then performed which fil
scan. O6Hol edtfhd Iti enxgtbu rree nofv et he 3 D wasepeatedsoothat he 6t

eachsection of the leg could hdentified for volume analysis.

Figure 64. Pictorial representation of the 3D scan processing procedures utilized in the current study:

(A) the raw unprocessed 3D scan; (B) the 3D scan with conservative data removal and agpliel o b a |
registrati@oO®@) toHe f3@dBmeEsan with applied doutlier
processed 3D scan with detailed data removal al
O0textured.
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6.3.63D Scan Volume Extraction

The volume measurements were performed using
tool. A coordinate axis square was inserted and aligned with the axis of the 3D lower body scan. The
coordinate axis square was then located so tla@igited with he B marker segment line on the leg.
The coordinate axis square was used to define the origin of the volume data to be measured. Once in
position, volume above and below the coordinate axis square were measured separately which
corresponded to upper leglume and lower leg volumd-igure 6.5). The accurate positioning of the
coordinate axis square ensured that the same segments were compared between the 3D scanner and the
water displacement methodBo calculate the volume of the 3D scan, the programme calculates the
volume of tetrahedrons composed from the vertices of each polygon within the scan and the origin of
the coordinate system as the 4th vertex. Calculating the sum of each tetrahedrdadpttowitotal
volume of the 3D scariThe scan leg volumes were exported inhamd converted to ml using the
following conversion: 1000 mfr= 1 ml. Volume was measured for both left and right legs and the 3D
scan procedure was also performed 1 hour ando24s after the baseline 3D scans, using identical
procedures. As two 3D scans were performed at each time point (baseline, 1 hour, and 24 hours), the

means of the two scans were used for subsequent analysis.

AL

Figure 6.5. Pictoirial representation of the positioning of the coordinate axis square to align with the B
marker line(proximal patellajpf the leg segment (A), and the subsequent volume measurement of the
upper and lower leg using the coordinate axis sgasttee origin br volume measuremes(B).
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6.3.7Water Displacement Procedure

Two custombuilt volumeters were used during the water displacement measurements. A small
volumeter (42 x 32 x 25 cm) was used to measure the foot volume and a large volumeter (88x 48 x
cm) was used to measure the volume of the lower and upper leg. The volume of both left and right legs
was measured. The volumeters were filled with water until the water spilled out of the overflow spout.
The water was left to overflow until no more waspilled from the overflow spout. Prior to immersion
of the foot and lower leg and upper leg, water temperature was measured using a mercury thermometer
(Fisherbrand, Loughborough, United Kingdom). The study researcher sought to ensure the temperature
of the water was maintained betweefi@and 32C as this temperature range has been shown to have
minimal effects on limb voluméoland & Adams, 1996 or all trials, the water temperature was 30
+ 1°C (mean + standard deviationdrfboth volumeters. To ensure consistency with the volume
measurements made using the 3D scanning method, participants performed the water displacement
method in a standingosition. For each leg segment (A, B and C) two measurements of volume were
performedfor both left and right legs of the participant® measure foot volume, participastewly
immersedheir foot into the water until theater surface walevel with the inked mark (A). Once in
position, participantsested their foot against the baakthe volumeter to reduce movement. Once the
excess water had flowed to less than one drip per sdddad et al., 2004)the water collection
container was removed and weighed using calibrated weighing scales measuring to two decimal places
(kg). The volumes were converted to ml using the following conversion: 1g =Tinel.water in the
collection container was poured backo the volumeter for the next immersion. Once foot volume
measurements on one leg were completed, the foot volume of the other leg was nusasyiiéentical
procedures. For lower leg volumarficipantammersedheir leg into the wateuntil thewater surface
was level with the inked markB). The excess water was subsequently collected and weighed
identical procedure was then performed for the upper leg mark (C). During the volume measurements,
participants were instructed to keep their legtdksas possible toeduce water surface tensicaused
by movementThe water displacement procedure was also performed 1 hour and 24 hours after the
baseline water displacement, using identical procedatgmugh the foot volume was measured using

water displacement, this volume was not used for the analysis between methods and was only used for
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the calculation to measul@wer and upper leg volume. To calculate the volume of individual sections

of the leg, the prior segment(s) and water collectioriaioar weight were deducted. For example, for

the upper leg volume, the weight of the lower leg, foot and water container were subtracted from the
whole leg weightThewater displacement was consistently performed following the two 3D scans as
pilot testing revealed that in some cases, 3D scanning wet skin produced substandard scans which was
likely due to the reflectiveness of the skin whilst wet. Although a randomised order of water
displacement and 3D scanning would have been beneficial. It veashae 3D scanning wet skin would

not be appropriate to attain accurate scans of the legs.

6.3.8Data Analysis

Two volume measurements were performed using the 3D scanner method and then using the
water displacement method, for each leg segmedmdsgline, 1 hour post and 24 hours post baseline.
The testretest reliability of both methods was established by calculating the volume difference between
the first and second duplicate measurements, for all leg segments at baselingaasthand 24 has
post baseline. To calculate iriday reliability, the mean volume of duplicate measurements was
calculated at baseline and 1 hour post baseline. To calculatelayteeliability, the mean volume of
duplicate measurements was calculated at baseliheZzahours post baseline. To calculate the validity
of the 3D scanner measurements, mean leg volume was compared to the same value measured using
the criterion water displacement method. The mean volume was calculated from the two duplicate
volume measureants for the 3D scanner and water displacement methods, for all leg segments at
baseline, 1 hour post ar2d hours post baseline. As volume measurements were performed on both
legs of each of the 15 participants, 30 individual legs were used to exastiregdst reliability, intra

and interday reliability and validity.

6.3.9 Statistical Analysis

All data were analysed using the Statistical Package for the Social Sciences (SPSS: Version 26,
Chicago, lllinois, USA)GraphPad Prism (GraphPad Softwarersfon 9.0.2, San Diego, California
USA) and Microsoft Excel. To assess tesest reliabilityof the 3D scanner method and the water

displacement method, the first and second volume measurements for the lower leg and upper leg were
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compared at baseliné, hour post and 24 hours post baseline for each method. This was performed
using the Bland and Altman limits of agreement method and the raw and logarithmic transformed
systematic bias and 95% limits of agreement were calcu(&ledd & Altman 1986) In addition,

P e a r producdnomentcorrelation coefficient was calculated to examine the relationship between
duplicate volume measurements of eawthodand was interpreted as: negligible (0i00.10), weak

(0.107 0.39), moderate (0.400.69), strong (0.70 0.89) and very strong (0.901.00) (Schober &
Schwarte, 2018)Also, paired samplestésts were conducted toamine if volume differences existed
between duplicate volume measurements of each method at baseline, 1 hour post and 24 hours post
baseline. The intraand interday reliability of the 3D scanner method and the water displacement
method was examined usiitigntical methods as those used to establishidésst reliability. The mean

upper and lower leg volume at baseline were compared to the corresponding volume measured at 1 hour
post (intraday) and 24 hours post (intday). The validity of the 3D scaanmethod to measure lower

and upper leg volume was compared to the water displacement (criterion) at baseline, 1 hour post, 24
hours post baseline, using the Bl and apoductAl t man
momentcorrelation coefficients and paired sampldedts.Paired samplestests were conducted to
examine differences of hydration status and body mass between trial one and trial two. A significance

level of P < 0.05 was applied throughout.

136



6.4 Results
Reliability of 3D Scanning (Lower Leg)

The systematic bias in the lower leg varied from just under 15 ml to just over 35 ml when the
first and second 3D scanner volume measurements were compalee 6.1, suggesting that the
second 3D scanner measuremeonsistently overestimated the lower leg volume (H24). The
positive correlation between volume measurements varied from 0.98 to 0.99 (very strong correlations).
Paired samplestests revealed that the 3D scanned lower leg volume was larger fectm syolume
measurement compared with the first volume measurement at baBetif®e05). No differences were
revealed between the first and second volume measurements at 1 hour post baseline and 24 hours post
baseline P > 0.05).

Table 61. Absolute and relative tesetest reliability of lower leg volume based on two 3D scanner
measurements.

Baseline 1 Hour - 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n=30 n 30
Measurement 1 (X + SD) [ml] 3405 + 330 3466 + 372 3413 + 306
Measurement 2 (X = SD) [ml] 3443 + 355 3483 + 369 3427 + 316
Systematic Bias (ml) 38 17 14
LOA (ml) 134 126 134
Lower; Upper LOA (raw) -97: 172 -109; 143 -120; 148
Systematic Bias (In) 1.01 1.01 1.00
LOA (In) 1.04 1.04 1.04
Lower; Upper LOA (In) 0.97;1.05 0.97;1.04 0.96; 1.05
Pearsonsr 0.98 P<0.001) 0.99(P<0.001) 0.98(P < 0.001)
t-test P =0.005 P=0.150 P=0.271

X £ SD = mean = standad#viation; ml = millilitres; In = logarithmic transformation; LOA = limits of agreement

Reliability of Water Displacement (Lower Leg)
The systematic bias in the lower leg varied from just urtleml to just over55 ml when the

first and secon@vater displacement volume measurements were cochfeable 6.2, suggesting that
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the second water displacement method consistently underestimated the lower leg volur2éofby 1

The positive correlation between volume measurements varied from 0.98 tqver99strong

correlations). Paired samplegests revealed that the water displacement lower leg volume was larger

for the first volume measurement compared with the second volume measurement at baseline and 24

hours posbaseline P < 0.05). No differenes were revealed between the first and second volume

measurements at 1 hour post baselihe 0.05).

Table 62. Absolute and relative tesetest reliability of lower leg volume based on two water

displacemenmeasurements.

Baseline 1 Hour _ 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n =30 n =30
Measurement 1 (X = SD) [ml] 3086 + 502 3359 £ 519 3149 + 478
Measurement 2 (X = SD) [ml] 3052 + 497 3346 + 568 3092+ 478
Systematic Bias (ml) -33 -13 -56
LOA (ml) 168 187 190
Lower; Upper LOA (raw) -202; 135 -200; 174 -246; 134
Systematic Bias (In) 0.99 0.99 0.98
LOA (In) 1.05 1.06 1.07
Lower; Upper LOA (In) 0.94;1.04 0.94; 1.05 0.92; 1.05

Pearsong

t-test

P=0.042

P=0.462

0.99 @ < 0.001) 0.99 @< 0.001) 0.98 P < 0.001)

P=0.003

X + SD = mean + standard deviation; ml = millilitres; In = logarithmic transformation; LOA = limits of agreement.

Reliability of 3D Scanning (Upper Leg)

The systematic bias in the uppeg varied from just unded0 ml to just over 50 ml when the

first and second 3D scanner volume measurements were compalae 6.3), suggesting that the

second 3D scanner measurement both overestimated and underestimated the upper leg volume (by 0O

1%). The positive correlation between volume measurements was 0.99 (very strong correlations).

Paired samplestests revealed that the 3D scanned upper leg volume was larger for the second volume

measurement compared with the first volume measurement anhbaBet 0.05). No differences were

138



revealed between the first and second volume measurements at 1 hdarspbse and 24 hours post

baseline P > 0.05).

Table 63. Absolute and relative tesétest reliability of upper leg volume based on two 3D scanner

measurements.
Baseline 1 Hour _ 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n=30 n =30
Measurement 1 (X = SD) [ml] 5288 + 664 5283 + 685 5280 + 662
Measurement 2 (X = SD) [ml] 5343 £ 655 5305 £ 679 5274 £ 671
Systematic Bias (ml) 55 22 -6
LOA (ml) 219 173 176
Lower; Upper LOA (raw) -164; 274 -151; 195 -183; 170
Systematic Bias (In) 1.01 1.00 1.00
LOA (In) 1.05 1.03 1.04
Lower; Upper LOA (In) 0.97; 1.06 0.97; 1.04 0.96; 1.04

Pearsons 0.99 P < 0.001) 0.99 P < 0.001) 0.99 P < 0.001)

t-test P=0.012 P=0.183 P=0.703

X + SD = mean + standard deviation; ml = millilitres; In = logarithmic transformation; LOA = limégreement.

Reliability of Water Displacement (Upper Leg)

The systematic bias in the upper leg varied from just w3%eml to just overd5 ml when the
first and second water displacement volume measurements were coripdnledd), suggesting that
the second water displacement method consistently underestimated the upper leg volume (by 1%). The
positive correlation between volume measurements varied from 0.97 to 0.99 (very strong correlations).
Paired samplestests revealed thatehwater displacement lower leg volume was larger for the first
volume measurement compared with the second volume measurement at 1 hbaselost P <
0.05). No differences were revealed between the first and second volume measurements at baseline and

24 hours post baselirf® > 0.05).
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Table 64. Absolute and relative tesetest reliability of upper leg volume based on twater
displacement measurements.

Baseline 1 Hour _ 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n=30 n =30
Measurement 1 (X £ SD) [ml] 5355 + 658 5461 + 662 5349 + 665
Measurement 2 (X £ SD) [ml] 5325 £ 692 5413 + 673 5308 + 654
Systematic Bias (ml) -30 -48 -41
LOA (ml) 315 186 272
Lower; Upper LOA (raw) -344,; 285 -233; 138 -313; 231
Systematic Bias (In) 0.99 0.99 0.99
LOA (In) 1.06 1.04 1.06
Lower; Upper LOA (In) 0.94; 1.05 0.96; 1.03 0.94; 1.05
Pearsons 0.97 P<0.001) 0.99 P<0.001) 0.98 P<0.001)
t-test P=0.314 P=0.010 P=0.119

X + SD = mean + standard deviation; ml = millilitres; In = logarithmic transformation; LOA = limits of agreement.

3D Scanner Intra and Inter-day Reliability (Lower Leg)

The systematic bias in the lower leg was just under 55 ml when the baseline and 1 hour post
baseline 3D scan volume measurements were comparedd@yydl able 65), suggesting that the 1
hour post baseline 3D scan measurementestienated the lower leg volume (by 2%). The positive
correlation between volume measurements was 0.96 (very strong correlations). Paired sasigles t
revealed that the 3D scanned lower leg volume was smaller at baseline compared with the 1 hour post
baseline measuremer® € 0.05). The systematic bias in the lower leg was just w2feml| when the
baseline and 24 hours post baseline 3D scan volume measurements were compaday) ifiteole
6.5), suggesting that the 24 hours post baseline 3D scasuneeaent underestimated the lower leg
volume ¢1%). The positive correlation between volume measurements was 0.97 (very strong
correlations). Paired sampletests revealed no differences between the 3D scanned lower leg volume

at baselineompared with the 24 hours post baseline measureiend (05).
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Table 65. Absolute and relative intraand interday reliability of lower leg volume measured by the
3D scanner.

Baseline vs. 1 Hour Post  Baseline vs. 24 Hours Post

Baseline Baseline
Sample Size n=30 n =30
3D Scan (X £ SD) [ml] 3404 + 382 3404 + 382
3D Scan (X £ SD) [ml] 3456 + 386 3388 +347
Systematic Bias (ml) 52 -16
LOA (ml) 208 191
Lower; Upper LOA (raw) -155; 260 -207; 174
Systematic Bias (In) 1.02 1.00
LOA (In) 1.07 1.06
Lower; Upper LOA (In) 0.95;1.08 0.99; 1.05
Pearsons 0.96 P < 0.001) 0.97 £<0.001)
t-test P=0.011 P=0.362

3D = threedimensional; X+ SD = mean + standard deviation; ml = millilitres; Idogarithmic transformation;
LOA = limits of agreement.

Water Displacement Intra and Inter Day Reliability (Lower Leg Volume)

The systematic bias in the lower leg was just under 265 ml when the baseline and 1 hour post
baseline water displacement volumeasigrements were compared (intiay) (Table 66), suggesting
that the 1 hour post baseline water displacement measurement overestimated the lower leg volume (by
9%). The positive correlation between volume measurements was 0.82 (strong correlatiorts). Paire
samples-tests revealed that the water displacement lower leg volume was smaller at baseline compared
with the 1 hour post baseline measuremént (0.05). The systematic bias in the lower leg was just
under 45 ml when the baseline and 24 hours postihaswvater displacement volume measurements
were compared (intedtay) (Table 66), suggesting that the 24 hours post baseline water displacement
measurement overestimated the lower leg volume (by 2%). The positive correlation between volume
measurements was 0.87 (strong correlations). Paired sanripts tevealed no differences between
the water displacement lower leg volume at baseline compared with the 24 hours post baseline

measuremen®(> 0.05).
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Table 66. Absolute and relative intraandinter-day reliability of lower leg volume measured by the
water displacement.

Baseline vs. 1 Hour Post Baseline vs. 24 Hours Post

Baseline Baseline
Sample Size n =30 n =30
WD (X = SD) [ml] 3102 + 507 3102 £ 507
WD (X = SD) [ml] 3366 + 532 3143 £ 462
Systematic Bias (ml) 263 40
LOA (ml) 615 485
Lower; Upper LOA (raw) -351; 878 -445; 525
Systematic Bias (In) 1.09 1.02
LOA (In) 1.20 1.16
Lower; Upper LOA (In) 0.91;1.30 0.87;1.18
Pearsong 0.82 P<0.001) 0.87 P<0.001)
t-test P=0.001 P=0.379

WD = water displacement; X SD = mean + standard deviation; ml = millilitres; In = logarithmic transformation;
LOA = limits of agreement.

3D Scan Intra and Inter-day Reliability (Upper Leg Volume)

The systematic bias in the upper leg was just under 25 ml when the baseline and 1 hour post
baseline 3D scan volume measurements were compareddayydl able 6.7), suggesting that the 1
hour post baseline 3D scan measwrtroverestimated the upper leg volume (by 1%). The positive
correlation between volume measurements was 0.98 (very strong correlations). Paired sastgles t
revealed no differences between the 3D scanned lower leg volume at baseline compared Withrthe 1
post baseline measuremeRtX 0.05). The systematic bias in the upper leg was just under 5 ml when
the baseline and 24 hours post baseline 3D scan volume measurements were compadeg)(inter
(Table 6.7), suggesting that the 24 hours post baséDdescan measurement overestimated the upper
leg volume £1%). The positive correlation between volume measurements was 0.98 (very strong
correlations). Paired sampletests revealed no differences between the 3D scanned upper leg volume

at baseline compead with the 24 hours post baseline measurenfeat(.05).

142



Table 6.7. Absolute and relative intraand interday reliability of upper leg volume measured by the
3D scanner.

Baseline vs. 1 Hour Post  Baseline vs. 24ours Post

Baseline Baseline
Sample Size n =30 n =30
3D Scan (X £ SD) [ml] 5311 + 654 5311 + 654
3D Scan (X £ SD) [ml] 5334 + 646 5315 + 622
Systematic Bias (ml) 23 4
LOA (ml) 224 258
Lower; Upper LOA (raw) -201; 247 -254; 262
Systematic Bias (In) 1.01 1.00
LOA (In) 1.04 1.05
Lower; Upper LOA (In) 0.97;1.05 0.95; 1.06
Pearsong 0.98 P <0.001) 0.98 P < 0.001)
t-test P=0.274 P =0.865

3D = threedimensional; X SD = mean * standard deviation; ml = millilitres; In = logarithingmsformation;
LOA = limits of agreement.

Water Displacement Intraand Inter-day Reliability (Upper Leg Volume)

The systematic bias in the upper leg was just under 85 ml when the baseline and 1 hour post
baseline water displacement volumeasurements were compared (irttegy) (Table 68), suggesting
that the 1 hour post baseline water displacement measurement overestimated the upper leg volume (by
2%). The positive correlation between volume measurements was 0.96 (very strong correlations)
Paired samplestests revealed that the water displacement upper leg volume was smaller at baseline
compared with the 1 hour post baseline measurerRentd(05). The systematic bias in the upper leg
was just underl5 ml when the baseline and 24 hopisst baseline water displacement volume
measurements were compared (iday) (Table 68), suggesting that the 24 hours post baseline water
displacement measurement underestimated the upper leg vali®fg. (The positive correlation
between volume measunents was 0.94 (very strong correlations). Paired sampdasstrevealed no
differences between the water displacement upper leg volume at baseline compared with the 24 hours

post baseline measuremeRt 0.05).
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Table 68. Absolute and relative intraand interday reliability of upper leg volume measured by the
water displacement.

Baseline vs. 1 Hour Post Baseline vs. 24 Hours Post

Baseline Baseline
Sample Size n=30 n =30
WD (X + SD) [ml] 5351 + 657 5351 + 657
WD (X = SD) [ml] 5431 + 638 5340 £+ 654
Systematic Bias (ml) 80 -10
LOA (ml) 365 448
Lower; Upper LOA (raw) -285; 445 -458; 438
Systematic Bias (In) 1.02 1.00
LOA (In) 1.08 1.09
Lower; Upper LOA (In) 0.95; 1.09 0.91; 1.09
Pearsong 0.96 (P < 0.001) 0.94 (P <0.001)
t-test P =0.026 P =0.806

WD = water displacement; X SD = mean + standard deviation; ml = millilitres; In = logarithmic transformation;
LOA = limits of agreement.
Validity of 3D Scanning (Lower Leg)

The systematic bias in thewer leg varied from just under 95 ml to just over 300 ml when the
volumes calculated by the 3D scanner were compared with those calculated from the water
displacement method éble 69), suggesting that the 3D scanner method consistently overestimated
the lower leg volume (by-30%). The positive correlation between volume measurement methods
varied from 0.71 to 0.92 (strong to very strong correlations). Paired sant@its tevealed that the 3D
scanned lower leg volume was larger than the water depkagt volume at baseline, 1 hour post

baseline and 24 hours post baseline (.05).
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Table 69. Absolute and relative validity of lower leg volume measured by the water displacement and
3D scanner.

Baseline 1 Hour - 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n =30 n =30
WD Volume (X £ SD) [ml] 3102 + 507 3366 + 532 3143+ 462
3D Scan Volume (X + SD) [ml] 3404 + 382 3456 * 386 3388+ 347
Systematic Bias (ml) 302 91 245
LOA (ml) 696 464 544
Lower; Upper LOA (raw) -394; 998 -373; 554 -299; 789
Systematic Bias (In) 1.10 1.03 1.08
LOA (In) 1.27 1.15 1.20
Lower; Upper LOA (In) 0.87;1.40 0.90; 1.19 0.90; 1.30
Pearsonsr 0.71 < 0.001) 0.92(P<0.001) 0.80(P < 0.001)
t-test P=0.001 P=0.045 P=0.001

WD = water displacement; 3D = thredmensional; Xt SD = mean + standard deviation; ml = millilitres; In =
logarithmic transformation; LOA = limits of agreement.

Validity of 3D Scanning (Upper Leg)

Thesystematic bias in the upper leg varied from just urtleml to just over95 ml when the
volumes calculated by the 3D scanner were compared with those calculated from the water
displacement method éble 6.10), suggesting that the 3D scanner method consistently underestimated
the upper leg volume (by2%). The positive correlation between volume measurement methods varied
from 0.95 to 0.97 (very strong correlations). Paired samyiksts revealed that th®3ZFcanned upper
leg volume was smaller than the water displacement volume at 1 hour post baseline (P < 0.05). There
were no differences between the 3D scanned and water displacement upper leg volume at baseline and

24 hours post baselin® & 0.05).
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Table 610. Absolute and relative validity of the upper leg volume measured by water displacement
and 3D scanner.

Baseline 1 Hour _ 24 Hours_
Post Baseline  Post Baseline

Sample Size n=30 n=30 n =30
WD Volume (X + SD) [ml] 5351 + 657 5431 + 638 5340+ 654
3D Scan Volume (X + SD) [ml] 5311 + 654 5334 + 646 5315+ 622
Systematic Bias (ml) -40 -96 -25
LOA (ml) 324 365 408
Lower; Upper LOA (raw) -364,; 284 -491; 299 -433; 383
Systematic BiagIn) 0.99 0.98 1.00
LOA (In) 1.07 1.08 1.09
Lower; Upper LOA (In) 0.93; 1.06 0.91; 1.06 0.91; 1.09
Pearsons 0.97 P<0.001) 0.95P<0.001) 0.95P<0.001)
t-test P=0.195 P=0.014 P=0.521

WD = water displacement; 3D = thrdémensional; X SD = mean * standard deviation; ml = millilitrés;=
logarithmic transformation; LOA = limits of agreement

Hydration Status and Body Mass
Paired samplestests revealed that hydration status wimsilar between trials one and two
(t( 14-317#= 0.756, trial 1: 668 N 287 vs. trial 2:

betweentrialsoneandtwf (1 4) +=1044%4, trial 1: 77.4 N 6.5

6.5Discussion and Conclusions

This studysoughtto examine the reliabilitytestretest, intraday, inter-day) of a structured
light 3D scanning system (Artec Leo) and alssaer displacemembethod for measuring leg volume.
It also examingl the measureamt validity of the3D scanning systerfor measuring leg volume
compared to thevater displacement methodthe results revealed that testest reliability for the lower
leg was better for the 3D scanner method compared to the water dispthamethod. This was
evidenced by smaller systematic bias and narrower limits of agreement for the 3D scanner method

(°1%, and 4% respectively) compared to the water displacement meth2®b, (dnd 57%
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respectively). The tesetest reliability for the upr leg was also better for the 3D scanner method
compared to the water displacement method. This was evidenced by smaller systematic bias and
narrower limits of agreement for the 3D scanner methaélo( and 36% respectively) compared to the

water displacment method (1%and 46% respectively). Interestingly, for both volume measurement
methods the tesetest reliability was consistently poorer on the lower leg compared to the upper leg
which was supported by wider limits of agreement on the lower leg. t&€btretest reliability
differences may be caused by the shape differences between the lower and upper leg as it may be argued
that the lower leg has a more complex shape in terms of its curvature of tissues sucdhchdléise

tendon and calf which mayreate a more difficult shape to capture the geometry using the 3D scanner
compared to the upper leg which is more cylindrical and consistent in shape. For the water displacement
method, the poorer testtest reliability on the lower compared to the ugdpg may be caused by the
methodological approach of acquiring volume from each segment. In the current study, measuring the
lower leg volume may have been more demanding for the participants as they were required to suspend
their lower leg in the waterontainer and support themselves with the other leg, which may have
allowed for greater movement of the submerged lower leg, in turn, increasing the disruption of the water
tension and spillage of water which ultimately may have increased the error withimeasurement.
Conversely, to measure the upper leg volume, the whole leg was submerged in the water container and
participants were able to gently rest their foot on the bottom of the water container. Therefore, the
participants were supported by botbg$ rather than one leg used for the lower leg volume
measurements. As a result, less water may have been spilt to attain a measurement with less error and

better reliability between duplicate measurements.

The lower leg intraday reliability was better fahe 3D scanner method compared to the water
displacement method and was evidenced by smaller systematic bias and narrower limits of agreement
for the 3D scanner method (2&nd 7%respectively) compared to the water displacement method (9%
and 20%respetively). The upper leg intrday reliability was also better for the 3D scanner method
compared to the water displacement method and was evidenced by smaller systematic bias and narrower

limits of agreement for the 3D scanner method ,(8%d 4%respectivly) compared to the water
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displacement method (2%nd 8%respectively) The lower leg inteday reliability was better for the

3D scanner method compared to the water displacement method and was evidenced by smaller
systematic bias and narrower limits afjreement for the 3D scanner methdd%, and 6%
respectively) compared to the water displacement methodg28616%respectively). The upper leg
inter-day reliability was also better for the 3D scanner method compared to the water displacement
method. Athough the systematic bias for both methods was sifiild}, the limits of agreement were
narrower for the 3D scanner method (5%) compared to the water displacement method (9%). The
Pear s on 6 s coeffwient ferltheinter-aday reliability of the lower leg volume using the 3D
scanner method was= 0.97 which is in agreement with findings of previous research that showed
correlation coefficients ranged betweer 0.950.99( Pasl ey & OO0 idowever,darthe 2 00 8)
water displacement method used in the current study, thesponding correlation coefficient was

0.87 which is lower than that reported in the research. Therefore, it could be argued that the 3D scanner

is better for measuring lower leg volume changes between days.

In the current study, leg voluntestretest reliability of the 3D scanner and water displacement
methodsvas examined using the systematic bias and limits of agreement between the first and second
volume measuremen{8land & Altman, 1986) The mean systematic bias and limits of agreement
between duplicate leg volume measurements for the 3D scanner were 1%, and 4% for the &nder leg
° 1%, an% for the upper leg respectively. The corresponding values for the water displacement were
1%, and 6% for the lower leg and 1% nd 5% for the upper leg respectivdly comparison, the mean
systematic bias and limits of agreement w@¥e and 38% respectively, for 13 different of sports
medicine and sports science measurementsdiip.strengthleg strength, Wingate maximum power
andFitech step test) examined f\evill & Atkinson, 1997) Therebre, in comparison with typical
measurements made in sports medicine and sports science, tfetetgsteliability of both the 3D
scanner and water displacement methods appear to be very good and this supports the contention that
both methods are appragie tools for measuringed volume. Although the 3D scanning method
demonstrates excellent testest reliability compared to other measurements typically made in sports

medicine and sports science, the-tes¢st reliability must be sufficient for its purposed use, which in
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this study was to measure leg volume and ultimately to identify changes in leg volume as a result of
clinical dysfunction or sporting activities. Few studies have investigated the reliability and validity of
3D scanning to measure the volume of human legsteRteetest reliability of the 3D scanner method
found in the current studyagbetter than the findings of McKinnon and colleagues (2007) fatnod

thatfor arm volume measuremertte testretestreliability systematic bias was 174 and 451 mfor

the 3D laser scannaand water displacement methods respectivalyhe current study, regardless of

the leg segment examined, the messtretestreliability systematic bias was 23 ml whictsimilar to

the findings by Seminatiand colleague$2017) who found testretestreliability of 14 ml when
measuring amputee residual limb models using a structured light 3D scanner (Artec EVA). However,
thetestretestreliability, using the 3D scanner the current study ranged up36 ml which ispoorer

than the 14 ml found bgeminatiand colleague$2017) However, given that statiesidual limb
models were used yeminatiand colleague®017)and norstatic humans were used in the current
study, the small moveme(postural swaypf participants during the scanning proceduse/meduce

the quality of the 3Bcanand increase error and ultimately the voluegtretestreliability.

Some research has investigated intiad interday leg volume changes to establish the
magnitude of volume changeEngel ber ger et al ., 2014; Hebeda et
Zhou et al., 2019Pasley andolleagues (2008peasured lower leg volume over five consecutive days
using a water displacement methddhe results showed th&te ar sonb6s <cor sét ati on
volume measurementetween days varied between 0.950.98 which are similar tthe correlation
coefficiensfound in the current study between baseline and 24 hourbgmrdine (inteday reliability)
which werer = 0.87 and0.94 for the loweland upperleg volume. Both the 3D scanner and water
displacement methods showed that wedudifferences were smallest between baseline aradd
postbaselindor the lower and upper leg. Furthermdsethmethodshowedhat leg volume increased
from baseline to 1 hour post baseline measurements and decreased from 1 hour post basktnesto 2
post baselineneasurements, reducing to near baseline volumes. These observed changes of leg volume
suggest that both the 3D scanner and water displacement methods can detantiniterday volume

changes, but the magnitude of change wastgreeth the water displacement compared to the 3D
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scanner. However, given that both the inaad interday reliability for the 3D scanner had smaller
systematic bias and narrower limits of agreement compared to the water displacement for the lower and
upper leg, the 3D scanner may be a better method to examineanttanterday volume changes.
Previous research has found diurnal lower leg volume changes, with the volume typically increasing
throughout the dagAngdhed et al., 2008; Engelberger et al., 20Efigelberger and colleagues (2014)
measured lower leg volumaf obese and neabese participantajsing anoptoelectronic scanner
(Perometry), in the morning and afternoon of the same day. The results showadbtitat groups,

lower leg volume increased during the day, with a mean increase of 59 + 47 ml irpalie&spants

and 54 * 24 ml in nowbese participants. These results are similar to thedatydower leg volume
increase found in the current study (52 = 106 ml) between baseline and 1 hour post baseline
measurements, when measured using the 3D sc&womerersely, the corresponding lower leg volume
increase was much larger when using water displacement (263 + 314 ml). The limits of agreement were
consistently narrower for the 3D scanner compared to the water displacement method for the lower and
upper &g volume for intraand interday comparisons. Therefore, given that both the 3D scanner and
water displacement methods were measuring the identical lower and upper leg segments, this highlights
that the 3D scanner is more reliable for examining botk-iatrd interday volume changes compared

to water displacement.

It is important to establish the tastest reliability of structured light 3D scanning as this
method may provide advantages over current methodsaseehsuréegvolume, such as thosedel
on water displacement and tape measulesclinical practice, diagnostic criteria thresholds for
determining lymphedema were reportedSigut and colleagudf012)who proposed four stages for
evaluating early lymphedema basedegMolume change:-3% (at risk for lymphedema); 5% (pre
clinical lymphedema), 8% (mild lymphedema) and > 8% (moderatyere lymphedema). However,
moststudies have used a > 10% volume increase as a diagnostic thigshodd & Stewart, 2005;
Asim et al., 2012; Johansson et al., 200i)a sporting contexistudies of eccentric biased exercise
performed byhealthy,untrainedindividuals have found that total lower leg volume increased by ~3%,

72 tours after eccentric exerci@&/hitehead et al., 1998, 200Thetestretestreliability results of the
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current study suggest that both the 3D scanner and water displacement methods may be used to measure
lymphedema, in clinical practice, as the measurement systematic biimigmaf agreement were

always less than the 10% volume change threshold. As such, if 10% changes were discerned using
either methodpnecould be confident that the change in volume was a genuine leg volume change
rather than potentially explainable by measurement error. Theetest systematic bias for the 3D
scanner ranged from 1% and the limits of agreement ranged fro®P8. As a esult, the 3D scanning
method may be used to establish-glinical lymphedema (5% volume change). Conversely, both
methods may not be appropriate to determine leg volume changes following eccentric exercise as
although the systematic bias was below3¥ethreshold, the limits of agreement were greater than the
~3% volume change previously reported following eccentric exercise (Whitehead et al., 1998, 2001).
Therefore, we cannot be confident that the change is a genuine leg volume change as it could be
measurement error. However, the results of this study suggest that if lower leg volume change is greater
than 4%, the 3D scanner would be sufficient to discern such changes given the limits of agreement (4%)
whereas, for the upper leg if the volume changese greater than 5% then the 3D scanner would be

sufficient to identify these changes given the limits of agreemesia3

Wat er di spl acement is considered egvwlamebégol d
(Kaulesar Sukul et al., 1993; Megens et al., 20Bbwever, limitations have been reported with using
the method. The method is time consuming and in the current study each volume measurement lasted
between 10i 20 minutes which is consistent with previous reppr8a s | ey & OdéThennor |,
time constraints of water displacement may increase the difficulty of measegrgllime in both
sporting and clinical environments where multiple individuals may require volume assessment in a short
time period. Watedisplacement may not be suitable for some medical applications with individuals
with open woundgDeltombe et al., 2007; Sander et al., 20@)rthermore, there is an elevated
infection transmission risk witthe water displacement method, particularly if multiple individuals
undergo the volumassessment using the same volumeter. Therefore, the equipment used for the water
displacement method must be effectively sterilised the.volumeter sterilised and the water changed

between participants) to reduce the infection (Ridner et al., 2007)The accuracy of the water
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displacement method is largely dependent on the participants ability to kedeghsitionless for up

to 20 minutes as any disturbance to the water tension may add error to the meagieltianon et

al., 2007) The latter may have impacted the results in the current study as participants were required to
stand on one leg and support their balance with their arms when measureg\ubkine. As a result,

this may have been a factor that contributed to the lowerdesstt reliability of the water displacement
compared to the 3D scanner. It should also be noted that the participants in the current study were
relatively young, healthindividuals for whom standing motionless is likely to be much easier than for
many older and clinically impaired individuals. The application of 3D scanning to meaguotume

may address some of the limitations found with the water displacementdnithbe current study,

each 3D scan measurement lasted betwegmhutes which was significantly faster than the water
displacement method (4D minutes), thus, 3D scanning may be more suitable if multiple volume
measurmentsare required on variousdividuals both in clinical and sporting environments. Also,
minimal contact is required to identify the volume analysis sections when using the 3D scanning method
which may reduce the risk of transmitting infections as the scanning procedure is cantBitkdly,
although participant movement during the 3D scan may add error similar to the water displacement
method, the time participamtarerequired to stand motionless is substantially reduced and this may
have beneficial impacts on some clinical pasewho may have difficulty holding aed still.
Furthermore, in the current study, during the 3D scan participants were able to stand on both legs whilst
the lower body was scanned and the legs were subsequently separated for analysis. Conversely, for the
waterdisplacement measurements participants legs could only be measured individually which relied
on participants predominantly standing on one leg particularly for the lower leg measurements. The
application of 3D scanning to measure leg volume seenaldoess the challenges of the water
displacement method. This study demonstrated that theetest reliability of the 3D scanner may not

be suitable for measuring volume change following exercise induced muscle damage (typically ~3%
change) as the lirts of agreement were greater than 3% for the lower and upper leg. Therefore, future
research is required to examine if the 3D scanner measurement could be more reliable such as reducing

the postural sway when scanning a participant to minimise measurermeniVith a 12% reduction
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in the limits of agreement for the tastest reliability, the 3D scanner method would then be sufficiently

reliable to measure leg volume changes following exercise induced muscle damage.

Limitations

In this study the watedisplacement proceduresed may have provided additional sources of
error which could have been controlled falthough the water container was refilledthe same level
at each time pointf the study(baseline, 1 hour post baseline and 24 hours sstline) the water
container was not refilled between repeated immersions wilieiisameime point. Therefore, when
the participant removed their léglowing the first water displacement measurement some of the water
would remain on the leg, thus, the volumenaiter in the contaegr would lowerfollowing the first
measuremeniGiven that the testetestreliability resultsdemonstratedhat the lower and uppéeg
volume wagonsistentlysmaller for the secondater displacement measurement compared to the first,
this supports the notion thaot refilling the water container following every measurement may have
increased the error of the measuremRefilling the water containefter each measurement would no
doubt be beneficial, however, it must deknowledgedhat this wouldncur a substantialncrease in

time to complete each experimental trial.

In conclusion,the 3D scanner method provided better-tetst reliability than the water
displacement method as the 3D scanner had smaller systematic bias and limits of agtdebiént (
and 35% respectively compared to the water displacement methe20gland 47% respectively, for
lower leg and upper leg volume measurements. The atchinterday reliability was also better for
the 3D scanner evidenced by narrower limits of agreement fordatraeliability (3D scanned-7%,
and water displacement:20%) and inteday reliability (3D scanner: 5%, and water displacement
9-16%). The 3D scanner also measured volume changes similar to changes reported in previous
research, whereas the water displacement method seemed to overestimate such changes. The 3D
scanner was alsshowed to be a valid method for measuring upper leg volume as the systematic bias
and limits of agreement were within 10% of volume measurements made using a criterion water
displacement method. The results of this study show that a 3D structured lighihgcsystem (Artec

Leo) is a reliable and valid tool for measuring leg volume, certainly in most clinical settings.
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Chapter 7: The effect of thermogram border and region of
interest sizeon skin temperature outputs before and after
exercise

7.1 Rationale

The previous chaptelemonstratethatthe 3D scannérad better tast-retest reliability than the
water displacement method for measuring leg volurhés was evidenced by smaller systematic bias
and narrower limits of agreement for the 3D scanner methtsib, and3-5% respectively) compared
to the water displacement meth@d2%, and4-7% respectively)As a result, 3D scanning may be a
useful technique for measurirggivolume. Another technique used within this thesis is infrared thermal
imaging which was used tmeasure skin temperatufighere are few industry standardised frameworks
that have been established for using infrared thermal imaging on the humampéxdylarly within
sporting environmentgAmmer, 2008) Skin temperature is typically extracted and analysed using
regions of interestvhich are manually drawonto thermal images (thermogram$he nature of
manually defining regions of interest is subjectarel susceptible to sources of errdianiar et al.,
2015) Therefore, an automated methodology of selecting regions of interest may have utility.
Furthermore, mvious researcdoesn ot consi der the effect of inclu
well as the influence of the region of interest sized on osfntemperatures. As a result, this chapter
aimed to develop a novel methodology to automatically sedgidns of interest on thermograms of
the lower body and examined the effect of the thermogram border and region of interest size (length)

on skin temperature outputs.

7.2 Introduction

Infrared thermal imaging to measure skin temperature is widely used within sports medicine. It
has been applieidr a range of purposes includitgevaluate the efficacy of cryotheraffyostello et
al., 2014) screen and assess injur{eldebrandt et al., 2010Yetect delayed onset muscle soreness
and examine the effect of compression clothing on thermal resp@hréego Quesada et al., 201&)
examine symmetry of muscle activati@hudecka et al., 201%8)nd to investigatéhermal responses

during exercise in hot and cold environmental conditi@ah et al., 2015; Fournet et al., 20143
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living andnontliving objects, with a temperature above absolute @&Kelvinor-2 73 . 15e C or 4509
emit some level of infrared radiation and when the emissivity, defined as the relative ability of an
objectds surf ace t,oskmeown thedwelokimfrgrgd radigtionrcandé @wséditoo n
calculate the temperature of the emitting objgxbstello et al.,, 2013)The advantagesf infrared

therma imaging over other methods are thhé methodis noninvasive, contactless and wireless
(Hildebrandt et al., 2010; Moreira, CostelBrjto, & Sillero-Quintana, 2017; Sherman et al., 1996)
Infrared thermal imaging has been shown to be a reliable method for assessing skin temperature
(Wilkinson et al., 2018)which may changdependingon the area of the body asses@edssignoli et

al., 2015) However, there is mixed opinion regarding the reliability and validityfoaredthermal

imaging for measuring skin temperature Janes and colleagues (20fdund poor validity and
reliability of infrared thermal imaging and did not recommend its application for skin temperature
measurement. However, the authors used an infrared dhémaging camera witla low infrared
resolution of 160 x 120 pixels, which may explain their invalid and unreliable results of such bfevice.

this regard, an infrared resolution of 320 x 240 pixels is typically considered to be the minimum
resolution neessary for satisfactory data in assessment of skin tempefBarréindeuevas et al.,

2015; Hildebrandt et al., 2010Furthermore,the considerable advances in the technology that
underpins infrared thermal imaging may provide greater efficacy, refjalzld practicality to allow

measurement of skin temperat@Ring & Ammer, 2012)

There are few industry standardised frameworks that have been established for using infrared
thermal imaging on the human bo@mmer, 2008) In clinical practiceRing and Ammer (2000)
reported that infrared thermal imaging can produce reliable results only when established standards are
adheed tq and more recently sughandards have been establis{ieitig & al., 2007; Schwartz, 2006)
However,universal guidance, and standards for using infrared thermal imaginthesdbsequent
analysis, in a sporting contexd,limited. Moreira and colleagues (201d@¢veloped a thermal imaging
checklist to aid methodological consistency between studies, specifically in sports and exercise
medicine.Furthermore, @elphi studywas also conducted byloreira and colleages (2017)who

provided important factors to consider when using infrared thermal imaging in the form -gioani5
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checklist created by the participating expeffiese included detailed reporting: gfarticipant
characteristicsstudy restrictions, anidnt temperaturecamera equipment and accuramgions of
interests used and temperature extraction and analysis medibasigh there is no doubt that these
considerations will aid the application of infrared thermal imaging within sport, some factors still
require evaluation such ts appropriat size of a region of interest used for body segment temperature
analysigi.e., thgh)and considerations for the inclusion/exclusion of the thermogram border area which

may influence temperature outptiescribed below)

It has been suggested that existing methods of infrared thermal imaging data analysis lack
standardisation and ralility (Selfe et al., 2006)To analyse the temperature of thermograms, it is
common practice to use the infrared thermal imaging camera manufacturer software which typically
requires the researcher to manually draw regions ofeisitelirectly onto the thermograf@rzazga et
al., 2018; Merla et al., 2010; Priego Quesada et al., 2015; Tanda, 20&g)on of interest is normally
constructed as a quadrilateral shape and is applied to the thermogram over the area where temperature
measurements are requir@dostello et al., 2012)The application of regions of interest has been
recommended for extracting temperature data from thermograms as they allow the researcher to
examine temperature over specific areas of the body such as a particular musclel®rgnougc
(Kennet et al., 2007)The temperature of each pixel within the region of interest is recorded, thus,
outcome measures of mean, maximum and minimum temperature can be determined and are commonly
reported in the literature. Analysis software which uses regions of interest amlyypreated for
industrial and architectural application and may not be approfoidtieman analysi@Murawski et al.,

2003) Alternatively, automatic data analysis can be applied to thermograms using specific software
packages which provide over 100 predetermined regions of interest in four regions of theppedy
anterior, upper posterior, lower anterior and lower posterior (ThermaHALPEMA Thermo Group

S.L, Madrid, Spain). However, the predetermined regions of interest selected by the software may not
be sufficiently specific enough or have the flexibility to examine temperature for a given location on
the body. Furthermore, the effect of the cooler bordeosnding the imaged object is not considered

which may influence the accuracy of temperature values.
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Although defining regions of interest manually has been widely applied to analyse skin
temperature, it may be susceptible to sources of error. The mdtomanually defining regions of
interest is subjectiv@Maniar et al., 2015and may rely on the researchers knowledge to accurately
define the appropriate region of interest for the investigation. Moreover, the size of the regions of
interest selected may affeoutcome temperaturriegoQuesada and colleagues (20LSed small
regions @ interest (4 x 4 cinplaced on a body segment, as well as large regions of interest which
outlined the whole segment under investigation. Following cycling exercise, the results showed higher
temperatures in the small regions of interest compared to the large regionsest iptaced on the
same body segment. This is likely because both small and large regions of interest may cover different
anatomical features (i.e., muscle and bone) which present different thermal outputs as bone is typically
cooler than muscle due to threetabolic heat produced by the muscle and greater blood flow. Therefore,
when selecting regions of interest both within a participant (between experimental conditions) and
between patrticipants, it is important that the region of interest representmharea of a segment. If
a predetermined pixel area is defined for a reg
segment (i.e., leg) will affect the proportion of the segment analysed and the underlying anatomical
features that it describe&lternatively, if a predetermined proportion of a segment is to be analysed,
the approach may lack resolution if the participaegs bre substantially different from those of other
participants, reflecting a much smaller subset of pixels. It is thereéoreficial to develop a method to
standardise regions of interest both within and between participants, using known locations or
landmarks as reference points on each individual. A solution to locating similar anatomical features as
markers of analysis res, has been employed Bglfe and colleagues (2008ho used thermally inert
reference markers placed directly on to the body to define regions of interest for the anterior kmee whic
could be clearly located on the thermogram. The ability of the method to select the same region of
interest area between investigators was found to be reliable as theasr@orrelation coefficient for
interrater reliability ranged from 0.8297. As a result, this method could be adapted to standardise

regions of interest on other body segments (i.e., thigh and shank).
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Manufacturer software that incorporates manual region of interest selection typically use shapes
to define the region such:asiangles, rectangles, squares and cir¢[@sarte et al., 2014However,
given that the human body has a faumiform curved shape, particularly at the limbs, these shapes may
poorly fit the body segment under investigatiDuarte et al., 2014)This may lead to error as the
shapes may igde regions not of interest (i,daackground), or may exclude important areas of the
body, as demonstrated ifigure 7. Mor e recently, some software pacl
(splines)}o better define the region of interesttfemperature analysis (FLIR Systems Inc., Wilsonville,
Oregon, USA). However, this method is time consuming as multiple points need to be selected to follow
the curvature of the bodsegmentAlso, this method may be susceptible to error due to inconsistent
size of regions of interest examined between particip@iego Quesada et al., 201%inally,
selectionbias may also be a factor when manual selection of regions of interest is performed by the

investigator.

The Glamorgan Protocol was published with the aim of standardising region of interest
selection in thermal imaging reseaf&mmer, 2008) This protocol introduced 90 different regions of
interest on the human body which could be used for temperature analysis. However, some studies may
have specific critéa for selecting regions of interest which may not be presented in the Glamorgan
Protocol as some studies select regions of interest over a specific muscle or muscléBagmugiset
al., 2012; Priego Quesada et al., 201&)nversely, others select regs of interest to cover specific
segments of the bodhudecka & Lubkowska, 2015; Merla et al., 2010)the absence of palpation
or extensive experiencdefining the location of specific musclesneswithin a thermogranis open
to subjectivity and errerandthe applied region of interest may not accuratefyresenthe segment
under investigationFurthermore, the shape used to define the region of interest may not replicate the
shape of the muscle or segmeAt.method that wss reference markers placed onto the body to
subsequently determine automated regions of interest which are relatiedinob/bodysegmenbeing

analysed is warranted
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Figure 7.1. Displays the difficulty of usingrismatic shapes.¢., rectanglégo select regions of interest
on the lower leg as the shape does not replicate the shape of the leglévasitandirrelevantdata
may be excluded (A) or included (B)

Segment region
of interest

Exclusion of
relevant data
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A factor which requires greater consideratiohew using infrared thermal imaging is the
possible effect of the thermogram bordaegion on the subsequerskin temperature oputs The
thermogram border @efined as boundary of cooler temperature around the edge of the imaged object
which is causetly the contrasting temperature between the imaged dbjetand backgroun¢tcold)
(Figure 7.2). The temperature from the thermogram border typically extibaertemperature values
than the imaged humafirernandezxuevas et al., 2015)ypically, when regions of interest are
established on thermogramthe border of the obje¢te., human)s avoided(Drzazga et al., 2018;
Priego Quesada et al., 201%is process is typicallgubjective and the region removed, which may
be small or large, goes waported.To the authors knowledge, no study iragestigatedhe effect of
removing thehermogram bordesn temperature analysutcomesGiven that thdorder is typically
cooleraround théhotterhuman body, imightbe assumed that including the border within a region of
interestwould reduce the overall temperature. However, the magnitude of the temperature change is
unknown. Therefore, it would prougseful to understand the temperature change following specific

thermogram border removal.
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Figure 7.2. Displays the contrasting temperature of the thermogram border located around the edge of
the upper legs arfltighlighted between the parallel black lines.

Therefore, lhe aim of the current studyasto investigate the effect of different leg analysis
region of interest dimensions on reporsiih temperatuie (mean, maximum and standard deviation)
with primary focuson, 1) dimensionreductions usindporder removaincrementsand 2)dimension

reductionausing region of interest lengthcrements

7.3 Methodology

7.3.1 Participants

Ten, healthy males (age 23.5 + 2.8 years, stature 181.9 £ 4.8 cm, body mass 76.2 £ 5.3 k)
volunteered and provideidformed consento participate in the studyAll participans completed a
health screen questionnaibefore involvement in the study, to ensure they had no medical or other
conditions that would have prevented them from taking Participants were instructed to refrain from
strenuous exercise and alcohol consumption 24 hours prior to the experimental trial and to avoid
caffeine consumption on the day of the experimental trial whilst attending the laboratory at least 3 hours
postpradial. Additional restrictions prior to the experimental trial were included relating ioftheed
thermal imaging includindimiting exposure to ultraiolet (UV) radiation, refrain from application of
bodylotions and creamsnassage, electrotherapyftrasound, cryotherapy and excessive heat or cold
exposureThe study was approved by a University Ethics Committee, (Nottingham Trent University

Ethical Committee Application for Human Biological Investigation reference number: 560).
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7.3.2 ExperimentalDesign

Participants visited the laboratory on two occasions. The first visit was a familiarisation trial,
which consisted of a familiarisationith the infrared thermal imaging procedure. Participants also
performed a familiarisation of a 3@inute run ona treadmillto determine a comfortable running speed
for the subsequent experimental trial. For the experimental trial, participants performedimugO
run,atasels el ected Orecoveryod s pe eeakertiom(RREudidinaxgeed hat r
13 (somewhat hard) on the Borg scélkorg, 1982) The 30minute run was performed on an
instrumented treadmill (AMTI, Watertown, MA, USA). Skin temparatwas assessed before and
immediately following the 3@ninute run Figure 7.3). Experimental trials were performed in similar

environmental conditions; 20.3 + 0.6°C and 36.8 + 3.9% relative humidity.

Pre Run .
| Thermal Tmages | Running Protocol

Acclimation
Period

Figure 7.3. Displays a schematic of the study protocols including the acclimation period, baseline
thermal images, 3finute run and post exercise thermal images.

7.3.3 Skin Temperature and Thermal Imaging
A detailed description of the infrared thermal imaging camera and measurement procedures is

provided in theGeneralMethodology(Section 3.5.8

Skin temperature was measured using a FLIR T1020 infrared thermal imaging camera (FLIR
Systems IncWilsonville, Oregon, USA). Thermograms of the anterior and postepper and lower
leg segments were captured at two occasions; 1) biferanning protocol; and 2) immediately post
running protocol. Prior to thermal imaging, participants rested @emia to acclimate to the room
temperature. Also, prior to thermal imaging, 1 g thermally inert tape markers were placed at six

specific locations on the anterior and posterior of the left and right legs and marked with indelible ink
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to allow for subsquent standardisation s€gment regions of intergsiee detailed explanation below
Section 7.3.p The locations wer€A) 5 cm proximal from the centre of the ankle malleolus (anterior);

(B) the most proximal aspect of the patella (anterior); (C) lghtalthe gluteal fold (anterior); (D) 5cm
proximal from the centre of the ankle malleolus (posterior); (E) parallel to the most proximal aspect of
the patella (posterior); (F) on the crease of the gluteal fold (postdiffigure 3.2). Following an
accimation periodpaseline thermograms were captured. Separate thermograms were captured for the
anterior lower and upper leg segments and posterior lower and upper leg segments, these segments were
used for temperature extraction and analysis. All thernmogii@ere captured at a distance-bim from

the participant, and the distance was extendedlow for participants with longeegjsto have the full

leg segmenshown in the camera view. The thermograms were caphyréncluding as much of the

legs inthecamera view as possible without obscuring the view of the two tape markers which identify
thelegsegmentegion of interestthus minimising the differences in leg resolution between participants
which might occur if the same fixed distance from theea were used. Thefraredthermal imaging

camera was positioned on a tripod to ensure a still image and placed perpendicular to the participant for
each thermogram capture. The tripod was adjusted vertically to capture thermograms of the upper leg
segmats and lower leg segments. For each thermogram, participants stood with their legs shoulder
width apart with relaxed musculature and their arms crossedtheir chest. Prior tmfraredthermal
imaging, objective parameters of reflective temperaturesardsivity were input into thermal camera
settings (ISO, 2008Emissivity of clean human skin has been widely reported to be 0.98 which was
used for this stud{Bernard et al., 2013 Ambient temperature and relative humidigre measured

using a digital weather station amdere input into the thermal imaging camera settings to aid
measuremenaccuracy A detailed description of the objective parameters input into the camera and

procedures are provided in tBeneral Methodolog{Section3.5.3.

7.3.4 Running Protocol
Participants performed a 30inute run on an instrumented treadrMTI, Watertown, MA,
USA) andwere instructed to run ataselffe |l ect ed o6comfortabled running

withanRPEof 11 or 12, an intensity | e &aingtofiperceivedl s o me wh
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exertionwasmonitoredusing a visual 6 (no exertioin)20 (maximal exertion¥caleat rest andt six,
five-minuteintervalsthroughout theun. Participants verbally stated thBiPE with ascale positioned

in view. The running speed was determined during the familiarisétiahand once the participant
selected their running speed, it remained identical for the experimental trial. The running speed during

the study was 2.5 0.3 m/s.

7.3.5 Data Extraction

Temperature data was extracted from each thermogram ubiegpakeM ATLAB ® program
(MathWorks Inc., MA, USA).Initially, the userdigitised thethermally inerttape reference marlkser
using a graphical representation of the temperature of each pixel. The lower edge of the proximal marker
and the upper edge of thistal markerfor each leg segmentgere selected. The marker locations were
then used for the subsequent temperature analysis by defining the proximal and distal endpoints of the
segmentegion of interestThe length from proximal to distal markers eggnted an assumed 100%
of the segment lengtih frequency analysis was performedidentify the background and foreground
(participant) data of the thermograifwenty bins were used to generate a histogram to divide up the
temperature data range and gss frequency for the number of temperature measurements within each
bin. This approach always produces a bimodal histogram and assuming sufficient difference between
the background and participant, this allows a conservative temperature thresholdetfinbé t
distinguish between them. In this case the bin with the minimum frequency between both peaks was
located and its upper edge temperature selected as the thre$liimidas a conservative approauid
does not remove thborder zone surrounding th legswhere the temperature can be lower as it
transitions between two contrasting temperatugmsequently théhreshold was used to remove
background datand the left and righegs were considered separately for further analyigsdentify
the midline of eachleg segmentegion of interestthe proximal anddistal tape markers on eadig
segment were selectéaldefine a vectoThe midpointalong each vector was defined as the centre of
the segmentegion of interestWhen defining proportionsf segment length for further analysis, the

proportion was always aligned with equal distribution either side of this centre marker.
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7.3.6 Data Analysis

A sensitivity analysis was undertaken by independently perturbing the parameters which
defined the border region (the region of pixels along the outer edge of the thermogram; left and right
sides of the thermogram data) and region of intéeesfth(propation of segmentength; proximal to
distal). Initially the mean width of the left and right knees of each participant was measured in pixels.
This approach was used since the knee was an anatomical feature present in each thermogram (anterior,
posteriorproximal and distal proportiortf leg). The magnitude of the border region removed for each
available row of thermogram pixel data was then increased in increments of 2% up to 20%, starting
from the data available after the threshold frequency had be#edim remove background pixel data

(considered to be 100% of the thermograigure 7.4 [A]).

The length of the segmemgion of interesivasdefined bythe distance between the most distal
and proximal pixel®of thetape markergassumed to be 100% segment length)The length of the
segmentegion of interest was reduced in 5% incremé&ms 100% of the segment length to 25% of

the segment length, essentially removing the most proximal 2.5% and distal 2.5% of the available rows

of pixels with eah increment(Figure 7.4 B]).

Figure 7 4. Displays the border removal increments friiraunadjusted bord€A) and the percentage
of segment region of interest evaluated from the midpoint of the segmamatijested segmelangth
corresponded to 100% proximal and distal from the segment midpByit dashed line represents the
midpoint of the segment.
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Temperature data corresponding to the mean, maximum and standard deviation of temperatures

was extracted for the available segment regibtinterestaccording to border region and segment
length. To establish the independent effect of border removal egrdesit length, fitowing every
incrementalreduction, the temperature properties for the fulcrementalrange were calculatel.
Temperatureoutputsfor each participantvere exported into three separate 16 x 11 matrices which
included the mean, maximum and standard deviatiothe@$egment region of interest temperature
(Table 7.7). The mean, maximum and standard deviakwomperature outputs for each participant were
overlayed to create a mean of all participant data for éaghegment (anterior upper left, upper right,
lower left, lower right, posterior upper left, upper right, lower left and lower rightpselineand post

run, and was subsequently usedftother sesitivity analysis.

Table 71. Example of a 16 x 11 matrix presenting mean skin temperature outputs following border
removal increments and segment region of interest length incremental reductions.

Proportion of segmentlength [%]

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Border removal region [%]

0 30.8 | 30.7 | 30.6 | 30.6 | 30.5| 30.4 | 30.3| 30.1| 30.0| 29.9| 29.8 | 29.7 | 29.7 | 29.6 | 29.6 | 29.5
2 31.0| 30.9]| 30.9| 30.8| 30.7| 30.6 | 30.5| 30.4| 30.3 | 30.2| 30.1 | 30.0]| 29.9| 29.9| 29.8 | 29.8
4 31.0| 31.0| 30.9| 30.9| 30.8| 30.7| 30.6 | 30.5| 30.3| 30.2| 30.1| 30.0| 30.0| 29.9 | 29.9 | 29.8
6
8

31.1| 31.0] 30.9| 30.9| 30.8| 30.7 | 30.6 | 30.5| 304 | 30.3| 30.2| 30.1| 30.0| 29.9| 29.9| 29.9
31.1| 31.0| 31.0| 30.9| 30.8| 30.7| 30.6 | 30.5| 30.4| 30.3| 30.2| 30.1 | 30.0 | 30.0 | 29.9 | 29.9
10 [ 31.1]| 31.0| 31.0| 309 | 30.8| 30.7| 30.6 | 30.5| 30.4| 30.3| 30.2| 30.1 | 30.0| 30.0| 29.9 | 29.9
12 | 31.1] 31.0| 31.0| 309| 30.8| 30.7| 30.6| 30.5| 304 | 30.3| 30.1| 30.1| 30.0| 29.9| 29.9| 29.8
14 | 31.1| 31.0| 31.0| 30.9| 30.8| 30.7 | 30.6 | 30.5| 30.4| 30.2| 30.1| 30.0| 30.0| 29.9 | 29.9 | 29.8
16 | 31.1]| 31.0| 31.0| 309| 30.8| 30.7| 30.6 | 30.5| 30.3| 30.2| 30.1| 30.0| 29.9| 29.9| 29.8 | 29.8
18 | 31.1| 31.0| 31.0| 30.9| 30.8| 30.7 | 30.6 | 30.5| 30.3| 30.2| 30.0| 30.0| 29.9 | 29.8 | 29.8 | 29.7
20 | 31.0) 31.0| 30.9| 30.9| 30.8| 30.7| 30.6| 30.4| 30.3] 30.1 | 30.0| 29.9| 29.8 | 29.8 | 29.7 | 29.7

A sensitivity analysis was performed to examine the influence of changes in border removal
andreductions osegment region of interest lengih the mean, maximum and standard deviation of
temperature for eackeg segment abaselineand postrun. Sensitivity §) was calculated as the
normalized change in one model outpMis] from its unaltered valueMjo) due to a change in one
model paramter (P;r) normalized to the unaltered parameter vaRig,(in a model which hasmodel
outputs, ang defining parameterd.ehman & Stark, 1982Equation 1). For this study= 3, where
represented the three temperature outpuisan temperature, maximum temperature and standard

deivation of temperature. Theefining parameters in this study were the purturbations of image border
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region (N = 10 prtubations of the border; 80% to 98% of full pixel region at increments of 2%) and
proportion of segment length (N = 15 purutabations of segment length; 25% to 95% of segment length

at increments of 5%).

l\Y [1]

To explore the independent effect of border region or segment length on the sensitivity of
temperature outputs, the sensitivity of outputs on border region, were calculated assuming 100% of
segment length and vice versa, however we present a graphiesknegation of outputs for all available
combinations of border region x segment length combinatibhe. pookd standard deviatiorof
sensitivity values for either border region or segment length for the various temperature outputs were
calculated to defim the sensitivity to purturbationthe sensitivity of the model outputs were ranked
into categories of: None: change less than 0.01 of perturbation; Small: change of less than the
perturbation (0.0i10.99); Large: change in outputs greater than or equzdrameter perturbationi(l
25); Extreme: change in the resulting value by a factor of 25 or gf{&atayril & Ronsky, 2006)When
calculating sensitivity of border removal, 100% of the region of interest segment length was used to
represent an unperturbed value. When calculating the semsitivithanges to segmerntgion of

interest lengtl00% of the border was used to represent an unperturbed value.

7.4 Results
Pixel Contribution of Leg Segments for Thermograms

The number of pixels as a percentage of the full thermogram resolution, wpiesented the
legs on each thermogram was similar between participants at baseline. At baseline, the percentage of
pixels which represented temperature data of the legs relative to the total number of pixels of the
thermogram was 58 3%, 59+ 5%, 72+ 7% and 76 9% for the lower anterior, lower posterior, upper

anterior and upper posterior legs respectiv@gble 7.2).
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Table 72. Displays the percentage of pixels that represent the legs relative to the total atipitbals
on a thermogram for the lower anterior, lower posterior, upper anterior and upper posterior leg segment
thermograms at baseline (mean + standard deviation)

Baseline
Left Leg (%) Right Leg (%) Total (%)
Lower Anterior 20+2 29+2 58 +3
Lower Posterior 29+3 29+3 50+5
Upper Anterior 365 36+4 72+7
Upper Anterior 385 39+4 769

The number of pixels as a percentage of the full thermogram resolutim, representethe
legs on each thermogram was similar between participants at post run. At post run, the percentage of
pixels which represented temperature data of the legs eelatithe total number of pixels of the
thermogram was 52 3%, 57+ 3%, 70+ 7% and 73t 9% for the lower anterior, lower posterior, upper

anterior and upper posterior legs respectiv@gble 7.3.

Table 73. Displays the perggage of pixels that represent the legs relative to the total number of pixels
on a thermogram for the lower anterior, lower posterior, upper anterior and upper posterior leg segment
thermograms at post run (mean * standard deviation)

Post Run

Left Leg (%) Right Leg (%) Total (%)

Lower Anterior 25+ 2 26+2 52+3
Lower Posterior 28+2 29+2 57+3
Upper Anterior 35+3 3514 707
Upper Anterior 375 365 739

Mean Temperature

General Features Associated with Border Removal

The largest change the calculatechean skin temperature occurfedthe initial 2% of border
removal from the unaltered border, for all anterior and posterior segments. For the anterior
thermograms, the mean skin temperature increased BRO)@3FC, 0.14C and 0.14C for the lower

left and right leg segments and the upper left and right leg segrindiotsing the initial 2% reduction
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in size of theborder rgion (Figure 7.5. The corresponding mean temperature increased by 0.24°C,
0.24°C, 0.5°C and 0.17°C, at post rufigure 7.6). For the posteriothermograms, the mean skin
temperature increased by 0°240.23C, 0.15C and 0.18C for thelower left and right leg segments

and the upper left amight leg segments followinthpe initial 2% reductionin size of theborder rgion

(Figure 7.7). The corresponding mean temperature increased by 0.23°C, 0.23°C, 0.23°C and 0.23°C,

at post runfigure 7.8).

Border Removal Sensitivity

For the anterioand posterioteg segments, evaluation of the sensitivity of the temperature
model toborder regiompertubations indicated that mesegmentemperature had small sensitivity for
the upper antbwer, left and right legs, at pre and post rliakfle 7.4).
Table 74. Pooled standard deviation of the sendiivalues for the model mean temperature outputs

following changes to border removal. Sensitivity catergories :.wayge (<0.01); small (0.6Q.99);
large (£25) and extreme (>25).

Anterior Posterior

LeftLeg RightLeg LeftLeg RightLeg

Pre Lower Leg 0.11 0.12 0.10 0.09
PostLower Leg 0.10 0.11 0.09 0.09
Pre Upper Leg 0.06 0.06 0.06 0.07
Post Upper Leg 0.07 0.07 0.09 0.09

General Features Associated with Segment Length

The largest chango mean skintemperaturedid not consistentlyoccur for any specific
proportion of the segment length for antenoposterior segments. Moreover, ttteange to calculated
mean skin temperature chasgecresmaller compared tthose observed fahe border mnoval For
the anterior thermogramthe largesinean skin temperature changes from the 1008&gfmentength
data were 0.13C (50%), 0.04C (60%),-0.03C (50%) and-0.02C (85%) (data is reported as the
temperature chang&g) and corresponding proportion of segment length being evaldatet lower
left and right legs and the upper left and right leggure 7.5. The corresponding mean skin

temperature change was 0.09°C (5098)02°C (75%), 0.04°C (25%) an@.06°C (95%), at post run
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(Figure 7.6). For theposterior thermograms, the largest mean skin temperature chatigesng
purturbatiors of segment lengtlvere0.122C (50%), 0.03C (45%),-0.03C (50%) and-0.02C (85%)
for the lower left and right legs aride upper left and right legEigure 7.7). The corresponding mean
skin temperature change was 0.09°C (50%), 0.03°C (40%), 0.03°C (90%) and 0.04°C (95%), at post
run (Figure 7.8).
Segment Region of Interest Length Sensitivity

For the anterior leg segements, evaluation of the sensitivity of the tempenatielto segment
lengthpurtubationsndicated that measegmentemperature had no and small sensitivity for the upper
and lower, left and right legs, at pre and post run. For the posterior leg segmentsegraant
temperature had no sensitivity for the upped lower, left and right legs, at pre and post (iable
7.5.
Table 75. Pooled standard deviation of thensitivty values for the model mean temperature outputs

following changes theegment region of interest lengttaluated Sensitivity catergories were: none
(<0.01); small (0.01.99); large (225) and extreme (>25).

Anterior Posterior

LeftLeg RightLeg LeftLeg RightLeg

Pre Lower Leg 0.01 0.01 0.00 0.00
PostLower Leg 0.01 0.01 0.00 0.00
Pre Upper Leg 0.00 0.00 0.00 0.00
Post Upper Leg 0.00 0.00 0.00 0.00
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Figure 75. Surface plots showing the mean skin temperature associated with border region size (%)
and proportion of segment evaluated increments (%) on the (A) anterior lower left leg, (B) anterior
lower right leg, (C) anterior upper left leg and (D) anterior upigét leg, at pre run.
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Figure 7.6. Surface plots showing the mean skin temperature associated with border region size (%)
and proportion of segment evaluated increments (%) on the (A) anterior lower left leg, (B) anterior
lowerright leg, (C) anterior upper left leg and (D) anterior upper right leg, at post run.
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Figure 7.7. Surface plots showing the mean skin temperature associated with border region size (%)
and proportion of segment evaluated @aments (%) on the (A) posterior lower left leg, (B) posterior
lower right leg, (C) posterior upper left leg and (D) posterior upper right leg, at pre run.
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Figure 7.8. Surface plots showing the mean skin temperatgssciated with border region size (%)
and proportion of segment evaluated incrementsai¥dhe (A) posterior lower left leg, (B) posterior
lower right leg, (C) posterior upper left leg and (D) posterior upper right leg, at post run.
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Maximum Temperature
General Features Associated with Border Removal

The largest change in maximum skémperaturelid not occur for a consistent border removal
incrementas was found for mean temperature outgués, 2%) For the anterior thermograms, the
largest maximunskin temperature change following purturbasiofthe border removal region was
0.02 (18%),-0.02 (12%),-0.15 (6%) and0.16°C (20%) (data is reported as the temperature change
(°C) and corresponding proportion bbrder region removgfor thelower left and righlegs andhe
upper left and right legs, at baselif€igure 7.9. The corresponding maximum skin temperature
changefollowing changes to border remowahs-0.04 (10%),-0.04 (14%),-0.12 (2%) and0.13°C
(4%), at post runKigure 7.10). For the posterior thermograms, the largest maximum skin temperature
change following changes to border removal w81 (16%), 0.02 (2%}0.17 (4%) and0.18C (6%)
for the lower left and right legs and the upper left and right legs, at bagEljee 7.11). The
corresponding maximum skin temperature chaotiewing changes to border remowabs < 0.Q (2
- 20%),-0.05 (16%)-0.22 (2%) and0.14°C (4%), at post ruffrigure 7.12.
Border Removal Sensitivity

For the anterioand posterior, upper and lower, left and rilglgt segments, evaluation of the
sensitivity of the temperature modeldorder regiompertubationsndicatedthat maxmumtemperature
outputs had no and small sensitivétypre and post ryr(Table 7.6.
Table 76. Pooled standard deviation of teensitivty values for the model maximum temperature

outputs following changes to border removal. Sensitivity catergories were: none (<0.01); small (0.01
0.99); large (225) and extreme (>25).

Anterior Posterior

Left Leg Right Leg Left Leg Right Leg

Pre Lower Leg 0.00 0.01 0.00 0.01
PostLower Leg 0.01 0.01 0.00 0.01
Pre Upper Leg 0.05 0.02 0.03 0.04
Post Upper Leg 0.03 0.03 0.08 0.04
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General Features Associated with Segment Length

The largest changt® mean skintemperaturedid not consistentlyoccur for any specific
proportion of the segment length for anteoposterior segmentgproportion of the segment length
evaulatedor all anterior and posterior segments. Moreover, the maximum skin temperature changes
were smaller compared to the border removal outges.the anterior thermograms, the largest
maximum skin temperature change followatgnges to the propg@n of the segment length evaulated
was0.13 (50%), 0.04 (60%)0.03 (50%) and0.02C (85%)(data is reported as the temperature change
(°C) and corresponding proportion of segment length being evaluatettie lower left and right legs
and the uppeleft and right legsKigure 7.9). The corresponding maximugkin temperature change
following changes to the proportion of the segment length evaulate®.09 (50%)0.02 (75%), 0.04
(25%) and-0.06°C (95%), at post rurFigure 7.10. For the posteriothermograms, the largest
maximum skin temperature change following chang#saproportion of the segment length evaulated
was 0.12 (50%), 0.03 (45%)).03 (50%) and0.02C (85%) for the lower left and right legs and the
upper left and right leg&igure 7.11). The corresponding maximum skin temperature chéoipaving
changes to the percentage of segmengithwas 0.09 (50%), 0.03 (40%), 0.03 (90%) and 0.04°C

(95%), at post runHigure 7.12).

Segment Region of Interest Length Sensitivity

For theanteriorand posterior, upper and lower, left and rilggt segments, evaluation of the
sensitivity of the temperature model to parameter pertubations indicated that maximum temperature
outputs had no and small sensitivélypre and post ru(Table 7.7).
Table 7.7. Pooled standard deviation of tBensitivty values for the model maximum temperature

outputs following changes the segmeagion of interest lengthvaluatedSensitivity catergories were:
none (<0.01); sma(l0.01-0.99); large (125) and extreme (>25).

Anterior Posterior

LeftLeg RightLeg LeftLeg RightLeg

Pre Lower Leg 0.00 0.00 0.02 0.01
PostLower Leg 0.01 0.00 0.01 0.01
Pre Upper Leg 0.01 0.02 0.04 0.03
Post Upper Leg 0.03 0.03 0.00 0.00
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Figure 79. Surface plots showing the maximum skin temperature associated with border region size
(%) and proportion of segment evaluated increments (%) on the (A) anterior l&vey,|€B) anterior
lower right leg, (C) anterior upper left leg and (D) anterior upper right leg, at pre run.
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Figure 7.10. Surface plots showing the maximum skin temperature associated with border region size
(%) and proportio of segment evaluated increments (%) on the (A) anterior lower left leg, (B) anterior
lower right leg, (C) anterior upper left leg and (D) anterior upper right leg, at post run.
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Figure 7.11. Surface plots showing thrmaximum skin temperature associated with border region size
(%) and proportion of segment evaluated increments (%) on the (A) posterior lower left leg, (B)
posterior lower right leg, (C) posterior upper left leg and (D) posterior upper right leg, ahpre ru
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Figure 7.12 Surface plots showing the maximum skin temperature associated with border region size
(%) and proportion of segment evaluated increments (%) on the (A) posterior lower left leg, (B)
posterior lower right leg, (Q)osterior upper left leg and (D) posterior upper right leg, at post run.
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Standard Deviation of Segment Temperatures
Border Removal Sensitivity

For the anterioand posterior, upper and lower, left and rilglyt segmentsgvaluatiors of the
sensitivity of thestandard deviation of segmdpemperature to parameter pertubations indicated large
sensitivityatpre and post runT@ble 7.8.
Table 78. Pooled standard deviation of the sengiyiwalues for the mdel standard deviation of

temperature outputs following changes to border removal. Sensitivity catergories were: none (<0.01);
small (0.010.99); large (125) and extreme (>25).

Anterior Posterior

LeftLeg RightLeg LeftLeg RightLeg

Pre Lower Leg 4.56 5.03 2.39 4.24
PostLower Leg 1.65 2.16 4.18 3.54
Pre Upper Leg 4.93 5.09 5.77 6.89
Post Upper Leg 1.31 1.77 5.42 5.32

Segment Region of Interest Length Sensitivity
For the anterioand posterior, upper and lower, left and riggt segmentsevaluation of the
sensitivity of thestandard deviation of segmdemperature to parameter pertubations indicatedll

sensitivityatpre and post run(Table 7.9.

Table 79. Pooled standard deviation of tisensitity values for the model standard deviation of
temperature outputs following changes to shgment region of interest length evaluatgensitivity
catergories were: none (<0.01); small (60)99); large (:25) and extreme (>25).

Anterior Posterior

LeftLeg RightLeg LeftLeg RightLeg

Pre Lower Leg 0.18 0.14 0.34 0.35
PostLower Leg 0.20 0.12 0.49 0.49
Pre Upper Leg 0.13 0.14 0.14 0.10
Post Upper Leg 0.24 0.37 0.12 0.15
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7.5 Discussion and Conclusion

The current study aimed tovestigate the effect of different limb analysis region dimensions
on reported skin temperatures (mearaximum, andstandard deviationyith primary focus on, 1)
dimension reductions using border rerabincrements, and 2) dimension reductions using region of
interest length increment¥he key findings of this study revealed tiia¢ mean and maximurskin
temperature outputs had no to small sensitivity to thermogram border removal ancetuttions of
the proportion of segment length for anterior and posterior leg segmeet@ndpostexercise The
standard deviation of temperature had laagd smallsensitivityfor thermogram border removal and
to the proportion of segment lengthaliated, respectivelyor theanterior and posterior leg segments,

pre- and postexercise.

This studyidentifiedthat the removal of the thermogram bortlad little effect on theverall
mean and maximum temperature for all leg segments-adupdegpostrun. However, for specific border
removalincrementsthe magnitude of temperature change was larger than others. For example, for all
thermograms the largest change in temperature from the unadjusted border (no border removal) was
consistently found wheremoving the first 2% of the border pixels (0.04.24°C). Furthermore,
following 4% border removal, the change to mean temperature became smaller for all leg segments
both pre and postun (0.05- 0.09 °C). The effect of the thermogram border regiorkontemperature
has not to our knowledge been reported in the published literhtiwever, it has been proposed that
the temperature from the thermogram border may exhibit lower temper@areandeuevas et al.,
2015)and this is supported by the findings of the current stindyne published literature, some studies
include the thermogram border within their selected regions of interest used to extract temperature data,
however, typically any rationale or standardisation to explain the inclusion of the border is not given
(Costa et al., 2018; Da Silva et al., 2018; Silva et al., 2018 border of a thermogram is an important
factor which requires consideration when selecting regions of interest for skin temperature analysis.
Studies that avoid the thrmbgram border when selecting regions of interest may overestimate the
amount of border to avoid and subsequently exclude important temperature data. This may be more

prominent when standard shaped regions of interest are applied which may not follodytkedment
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under investigation. Conversely, studies which do include the thermogram border when selecting
regions of interest may have inaccurate skin temperature outputs due to the cooler temperatures found

here.

It could be argued that the mean tempemthanges following thermogram border removal
were so small as to be trivial. For example, the largest mean temperature change occurred following the
initial 2% of border removal from the unalteredrderfor the anterior and posterior leg segments, pre
and postrun. These were changes of 0i1@.24°C for the anterior and posterior, left and right legs at
prerun, and 0.167 0.24°Cat postrun. However, the temperature increase found in the current study
may have implications for injury screening usinfraned thermal imaging. Vardasead colleagues
(2012) reported overall skin temperature symmetry differences between left and right sides of the body
to be 0.25 + 0.2°C, in healthy participants which falls within the changes that relate to the perturbations
made here. Furthermore, Marisd colleagug(2014) found symmetry differences of less than 0.20°C
between the upper and lower, anterior and posterior legs, in soccer players. Detection of injury or
disease using infrared thermal imaging relies on skin temperature asymmetries between limbs, and
differences above 0.65°C are associated with pathology (Sands et al., 2011). Given that the border can
lower the mean temperature of a region of interest by up to 0.24°C, it is therefore important that the
appropriate amount of the thermogram border is reshamedthatthis is consistent between left and
right sides of the body. If the border is included within the examined region of interest, the temperature
may be inaccuratend this may influence the identification of injury. As a result, it is impotteait
research considers the change in skin temperature that is caused by border inclusion/exclusion. This
study found that including the border of a thermogram reduces the mean skin temperature of the
segment region of interest by up to 0.24°C. Therefpven that the colerborder may reduce the mean
temperature output, it may be suggested that the border should be avoided when selecting a segment

region of interest.

The present study showed that the border region was cooler, thus, its inclusionthgthin
extracted temperature subsequently reduced mean skin temperatursagrttetregion of interest.

The border region may be cooler due to body hair as it svascular substance that elicits a cold
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appearance on a thermogrédarnes, 1963)Some reseahers have removed hair on the body segment

under investigation, however, the timing of hair removal has not been consistent between studies and
has ranged from 4 hours to 6 days prioinfoaredthermal imaging Stewart et al., 2020; Formenti et

al., 2013Abate et al., 2013; Merla et al., 2Q1M this study, the sensitivity data were pooled, so whilst
removing the hair may reduce the border regam therefore the percegtof the border region that

must be removed before consistency is exhibited, this study has demonstrated that for a sample of limbs
(legs)with minimal preparation, the temperature stabilises afe%4f border removal and therefore

the effect of body &ir is unlikely to interfere substantially in the results. This may be advantageous,
since hair removal has been shown to increase skin temperatures as a result of abrasion and this aspect

may not be appropriate for some studies such as work with chitdemly and clinical populations.

In this study, skin temperature was extracted for 5% reductions of the seggientof interest
length. The length was reduced both proximally and distally with respect to the midpoint of the segment,
where the unaltecesegment length was defined by the &uabetween proximal and distal reference
tape markers and with no border removal. This approach allowed investigation of specific areas of the
segment which might contribute to hotter or colder skin temperaturesurprisingly, mean skin
temperature was largely influenced by the location of hot and cold areas of each segment. For example,
at pre run, for the anterior left and right lower legs, the ns&@mtemperature was highest when only
25% of the segmemegion of interestength was evaluated, and this related to a heavy emphasis on the
belly of the calf muscle where the maximum temperature for the segment was located. For the lower
anterior legs, the largest change in mean temperature occurred at 50%egfittemtegion of interest
length evaluated, which included skin temperatorethe mostdistal aspect of the patella. The patella
does not have the same soft tissues and blood flow as muscle; therefore, the skin is cooler in this location
as compared tekin located over muscle belly. Consequently, the mean temperature was lower when
the maximum segment length (unadjusted) was evaluated due to colder skin temperatures over the
patella as compared to when the minimum segment length was evaluated (12ab%ndisl2.5%

proximal from the midpoint of the segment), which covered skin temperatures over the gastrocnemius.
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Future research must consider the effect of thermal properties of different tissues located within a region

of interest to ensure that the i@y of interest strictly covers the area under investigation.

Typically, investigators use infrared thermal imaging camera manufacturer compatible
software to manually draw regions of interest on aspects of the body under investigation and the pixels
within the regions of interest are subsequently analysed for tatperdatgDrzazga et al., 2018;

Merla et al., 2010; Priego Quesada et al., 2015; Tanda, .2db@)ever, this method isubjective

(Maniar et al., 2015and manually selecting regions of interest may be susceptible to human error and
may be difficult to standardise between participants with different sized bodies. The manual selection
of regions of interdsis controversial as it has been observed ithted-examiner and integexaminer
correlation coefficients using this method are suboptimal due to the ability of the examiner to manually
select the region of intere@ing & Ammer, 2015; Zaproudina et al., 2008B)oreover this approach

typically involves looking at a thermogram to make the judgement about where to draw your region of
interest.A review of infrared thermal imagin@-ernandezCuevas et al., 201%jas recommended the

use of automated methodologies to select regions of interest tovienpliability and efficiencyand

allow standardised and accurate comparisons of regions of iraecksubsequent skin temperatures
between studies. The present study used an approach whereby thermally inert markers were placed on
specific landmarks,ush as the gluteal fold and most proximal aspect of the patella, to standardise
segment regions of interest both within and between participants. These markers were subsequently
selected using the novel methodology to determine automatic regions oftioferesggment. The use

of reference markers applied directly to the participant has previously been per{btaredr et al.,

2015; Selfe et al., 2006Yhis approach is effective when comparing segment regions of interest
between participanss t he t hey are relative to each partic
having been obtained by means of anatomical palpation. In this study, once the reference tape markers
were selected using the custom written programme, an automateérgegegion of interest was
constructed. The segment region of interest length was identified as 100% of the pixels between the
reference tape markers. The segment region of interest width was identified as the most lateral and

medial pixels of the segmenthe advantage of this approach is that the selected region of interest
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follows the curvature of the segment, which overcomes the prominent issue of using standard shapes to
determine region of interest as has been used in previous refdarais et al., 2014; Jose Ighacio
Priego Quesada et al., 2013y this study, fom 100% of he segment length, the length was
subsequently reducdsy 5% proximaly and distdly from the midpoint of the reference tape markers,
down to 25% of the available area between the reference tape markers. This approach was also
performed for the border ofi¢ segment region of interegsing 2% reductions from the most medial

and lateral pixels of the segment and normalised to the dimensions of the partieigp@amitith at knee

marker). This approach enabled the selection of specific regions of intetestlmrdy which could be
replicated within and between patrticipants, ultimately aiding standardisation of the regions of interest.
Furthermore, the dependence on the investigator to define the regions of interest with this approach
were minimal as the ingtigator was only required to select the distal and proximal reference markers
for each segment. The selection of the regions of interest was therefore more objective and by virtue of

automation, more reliable.

The method in this study used to capturertt@grams ensured that the total number of pixels
was similar between thermograms for each participant, and that the number of pixels that represented
the legs in each thermogram was also similar between participants. This approach was quantified as the
numker of pixels which represented the legs were calculated as a percentage of the total number of
pixels of the whole thermogram. The results demonstrated that when divided into left and right leg
segments theneanpercentage of pixels representing each léhim a thermogram were the same
between legs (lower anterior left leg: 25 + 2% and right leg: 26 + 2%; lower posterior left leg: 28 + 2%
and right leg: 29 * 2%; upper anterior left leg: 35 £+ 3% and right leg: 35 *+ 4%; and upper posterior left
leg: 37 + 5%and right leg: 36 + 5%mean and standard deviafiomterestingly, the results show that
the number of pixels used for temperature analysis, for each leg segment, was similar between
participants and differed between only 2% to 5%. This study is the first to quantify the number of pixels
captured for thenograms and to identify the number of pixels that represent the legs on thermograms.
Although the number of pixels that represent the legs on each thermogram were similar between

participants, ultimately the size of the leg segment influenced the nurhpixets that represent the
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leg. As such, participants with wider sized legs typically had a larger number of pixels that represent
them, irrespective of controlling for the proportion of the leg length captured in each thermogram. This
is because the letigof the leg was the limiting factor regarding where the participant was positioned
relative to the camera rather than the leg witibwever, by maintaining a camera distance of ~1 m,

and making small adjustments to the position for taller or shortécipants, this ensured that the
between participant differences in the number of pixels that represented the legs remained minimal.
Furthermore, the use oéference markers allowed the standardisation of segment regions of interest

within participants. A a result, the same segments of the leg were examined at baseline and post run.

Limitations

In this study, some limitations exist which must be acknowledged. To examine the influence of
reducing the thermogram border region and segment length on skiertgore outputs (mean,
maximum and standard deviation), a sensitivity analysis was adopted. This analysis was used
descriptively todemonstrate the magnitude of skin temperature change following each parameter
perturbation (i.e., small, large and extreseasitivity). However, parametric statistical tests such as t
tests and analysis of variance (ANOVA) could have been applied to examine if the temperature change
wasstatisticallyo si gni fi cant é f ol | owi ng demopstratethaehrerhoging per t ut
the first 2% of theborder region from thermogramesultedin a 0.140.23°C increase in skin

temperatureandsuch parametric testvould confirm this did not occur by chance.

In conclusionthis study examined the sensitivity of skin tempam@ameasurements changes
to thedimensions of leg segment regions of interest, with consideration for the size of the border
removal region and the proportion of the segmiegton of interestength. Mean and maximum skin
temperatures had no to smadinsitivity toreductions of thdorder region and the proportion thie
segment region on interdehgth, whilst the standard deviation of skin temperature had large sensitivity
as hot and cold spots across the leg influenced the skin temperature.etherfskin temperature
measurements by varying the dimensions of the region of interest, although small, may under some
circumstances have statistical or clinical relevance. Furthermore, this study highlighted where

temperature outputs were most sensiiviie dimensional changes to the region of interest. The results
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of this study indicate that investigators should give careful consideration to the proportion of the border
region included as well as the proportionl@segmentegion of interesength when selecting regions

of interestfor analysing skin temperatures using infrared thermal imaging.
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Chapter 8: Effect of madeto-measure compression garments on
thermal responses and perception of comfort before and after
running exercise.

8.1 Rationale

The previous chapter developed an automated methodology of selecting regions of interest on
thermograms for skin tempure extraction and analysis. The results of the previous chapter showed
that skin temperature was reduced by up to 0.24°C when the thermogram border was included in the
analysis and that temperature within a region of interest was influenced by umgl¢idgues. The
findings observed in the previous chapter were ultimately used to define appropriate segment regions
of interest within the current chapter. A small number of studies have investigated the effect of wearing
compression garments during exsecon thermoregulatio(Barwood et al., 2013; Goh et al., 2011
Priego Quesada et al., 201%5jowever, none of these previous research studies involved-tmade
measure compression garments. Furthermore, the effect of varying the pressure profiles (peak pressure
and pressure gradient) elicited by compression gagr@anthermoregulation and comfort perception
has not been thoroughly investigated. Therefore, this chapter aimed to examine the effect of wearing
madeto-measure compression garments, with different pressure profiles, on thermal responses and

comfort pereption before and after running exercise.

8.2 Introduction

Compression garments are used in clinical practice as a conservative treatment for various
venous disorders such esticular veins, varicose veins, oedema, and venous UX&nsg & Tao,
2018) The beneficial application of compression garments within clinical practice has attracted
attention, and as a result many sporting participants and coaches perceive the wearing of compression
garments as a possible ergogenic aid for exercise performance and recovery. Athletes such as triathletes,
cyclists and runners commonly wear compression garm@gsrlich et al., 2010)In addition,
compression garments are worn in many winter sports such as speed skating, bobsleigh, skeleton, alpine

and crossountry skiing(Yang et al., 2020)Although a layer of clothing, such as would be provided
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by acompression garment, may be beneficial for regulating body terupe in cold environments,

thdr use within winter sports is mostly attributed to the enhancement of aerodyr{iauncs et al.,

2020) The effect of wearing compression garments on exercise performance and recovery has been
widely investigated. However, inconsistent findings between studies question the efficacy of such
garments. Some studies have shown beneficial effects on recovenyeperdKraemeret al., 2010;

Rugg & Sternlicht, 2013; Upton et al., 20whereas others have found no eff@Cerqueira et al.,

2015; Govus et al., 2018; Trenell et al., 20G&imilarly, some studies have shown beneficial effects

on exercise performance paraerg(Broatch et al., 2017; Brophyilliams et al., 2018; de Glanville

& Hamlin, 2012) whereas others have found no eff@#l| Coso et al., 2014; Rideradt, 2014; Scanlan

et al., 2008)The inconsistent findings between studies may be a result of the myriad differences in the
study design, type of compression garment, the elicited pressure of the garment, the duration of wear,
the study population arttle type of exercise performed, in the many studies that have investigated the

effect of wearing compression garments on exercise performance and rébtaeiRae et al., 2011)

Wearing compression garments is likely to influence heat exchange between the body and the
environmentMacRae et al., 2011)he material of which a compression garment is composed may
create an insulative layer next to the body, and a garment may alsoeisypedt evaporation;
consequently optimal heat transferi pr event ed and the regulation of
impaired(Corbett et al., 2015; Gavin, 2003)uring exercise, evaporation is a vital mechanism for
transferring heat away from the body and clothing that provides minimal resistance to evaporation may
be beneficia{Gavin, 2003) To provide optimal comfort and efficient temperature regulation, sweat on
the skin or the inner layer of clothing must be able to transferetouker layer of the clothing and
subsequently evaporate (water vapor permeabiiyliang et al., 2002Y he water vapor permeability
of a clothingmaterial is a crucial factor that helps maintain the human body at thermal equilibrium.
Given that the evaporation of swediring exercisds the primary mechanism for heat loss, the
evaporative resistance of a clothing material can have a significgmicinon thermoregulatory
homeostasigHuang, 2006) Some compression garment manufacturers claim their garments elicit

moisture wicking which, as well as keeping the wearer dry, may ensure that any impairment of heat
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loss via sweatingand by implication thermoregulation, is minimised. However, it has been shown that
wearing compression garments during exercise at ambient temperatures increases skin temperature in
the areas covered by the garment (1623.7°C)(Dulffield et al., 2008; Houghton et al., 2009; Priego
Quesada et al., 2015p0oh and colleagues (201ifjvestigated the effect of wearing a lower body
standard sized compression garment on thermal responses and running performance in both hot and
cold conditions. Rdicipants ran on a treadmill for 2@in at an intensity equivalent to their
predetermined ventilatory threshold (submaximal), followed by a run to exhaustion at an intensity
equivalent to that which elicited their individual maximal oxygen uptake. Ratits performed the
exercise in four separate conditions: 32°C with compression garment; 32°C without compression
garment; 10°C with compression garment; and 10°C without compression garment. The authors
reported that time to exhaustion was not differegtiveen garment conditions in the cold and hot
environments P > 0.05). In the cold environment, skin temperature of the thigh and calf, redasur
using skin thermistorsyashigher in thecompressiogarment condition compared with no garméht (

< 0.05). Havever, this response was not replicated in the hot environrRent(q.05). The study
concluded that lower body compression garments did not reduce running performance or negatively
influence thermoregulation in hot environments. While the manufacturepodt clothing do not set

out to create insulative layersuch clothing may create excessive thermmallation, which may
subsequently impair exercise performariBeownlie et al., 1987; Gavin, 20Q03However, as the

discussion of the study of Goh and colleagues (2011) above shows, this is not necessarily the case.

To date, the published litgture investigating the effect of wearing compression garments on
thermal responses during exercise have used standard sized géBaemt®d et al., 2013; Goh et al.,
2011; LeozAbaurrea et al., 2019%tandard sized compression garments may provide an inconsistent
fit between participants, meaning the levels of pressure produced by the garmedtfenagven if
participants fit within the same sizing categ@Brophy-Williams et al., 2015; Hillet al., 2015)If a
compression garment does not fit correctly, thég/preventight fitting which subsequently may cause
wrinkling and folds when wearing the garmeniThe wrinkling may have consequences on

thermoregulation as sweat may not be able to wick through the garment and evaporate to assist heat
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transfer as easily as it would if the garment was fitted correctly.résud it may be beneficial to use
madeto-measure compression garments, desigieedrding to thgeometry of each participan®ody

to provide a optimalfit which is consistent between participari®reover, the elicited pressure of a
compression garment may influence heat transfer. Heatférathrough blood flow(i.e., vascular
convective heat transfer) an important heatransferpathwayand is particularly important when
metabolic heat production increases during exe(@sazalezAlonso, 2012)Heat is transferred from

the exercising muscles to the surrounding skin via superficial blood circulation. Compression garments
may increase blood flow durirexercise; however, the optimal levels of pressure and pressure gradient
to encourage this areknown(MacRae et al., 2011As a result, wearingompression garments may
influence heat transfer at the skin through increased supéthiciod flow. Therefore, it would be
beneficial to examine and clarify the effect on thermal responses of wearingtoradasure
compression garments that elicit different pressure profileined as the peak pressure and pressure

gradient of the garnms.

In addition to the thermoregulatory responses, the perceived comfort of wearing a compression
garment also warrants investigation. It is possible that if a compregaiament is perceived to be
uncomfortable by the wearer this may lead to a negative impasxercise performance. With clothing,
there are various components which interact with the lsadip as material propertieggsign and fit
elicited pressure, subjective sensations of temperature and wetness (breathahilitylltimately
effect wearer comfor(Raccuglia et al., 2018iong & Tao, 2018) Few studies have investigated
comfort outcomes when wearing compression garments and the findings from the research that has been
conducted appears equivocali and colleague$2010) investigated three parameters of comfort
including general comfort, tightness, and pain perception in differently pressured compression garments
(stockings), before and after a bout of exercidege canpression garment conditions wearentrol
(ankle: 4 £ 1; calf 4 £ 1 mmHgCON), low compression (ankl@l + 2; calf 8 + 1 mmHg LO-GCS)
and high compression (ankle: 26 + 3; calf 15 £ 2 mmit-GCS). Participants rated their perception
of garment comfd, tightness, and associat@ain on three Likert scales which ranged from 1

(uncomfortable, loose/slack, no pain) to 10 (very comfortable, very tight, very pgnéuind post a
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40-minute treadmill run at 80 £ 5 %O2max The esultsshowed that general compression garment
comfort was significantly greater in the CON compared to th&E8S, at pre and post rgR < 0.05)
Perception of tightness was significantly greater in th6&B5 compared to CON and EGCS at pre
and post run,K < 0.05). Also, HIGCS were rated as inducing the most pain when worn compared to
the CON and LEGCS at pre and post rufP(< 0.05). The authors also reported that pain increased for
some participants during the anudn,prwhgrcehs s enda si ndteos
and pins and needles6. This sensation may have &L
to restricted blood flow around the foot causingcdimfort(Lewis et al., 1976)aulkner and colleagues
(2013)invedigated perceived tightness and comfort of different compression garments pre and post
running exercise. Theompressiomarment conditions were long length garment (ankle to hip), short
length garment combination (knee to hip and calf sleeves) and alcoairdition (loose shorts).
Compression was assessed at 8 anatomical landmarash{lgs, (b) musculotendinous junction of
gastrochemius, (c¢) medial gastrocnemif{e§ lateral gastrocnemius, (e) milobtibial band, (f) mid
guadriceps, (g) tensor fascia latae, and (h)-ghideal. Mean applied pressusegas 80, 17.9 and 5.7
mmHg for the long length, short length and control garment respect®aljicipants ratedheir
perception of garment tightness and comfort using two visual analogue scales roging
(uncomfortable and extremely slack/loose) to 10 (very comfortgbdad extremely tight) at pre
exercise, postvarmup, post 6 x 40@ run performance, 4nin post exercise and post waithown.
The esults showed no difference of perceived tightness and comfort between the garment conditions,
at anytime point P > 0.05). The ambiguity of findings in the research may to be caused by the type of
compression garmentused and the amount of pressure elicited. Only a small number of comfort
parameters were measured within these studies, therefore, it may be beneficial to assess more specific
comfort parameters to understand other factors which may influence compgessi@mt comfort such
as thermal comfort perception. Given that compression garments may change thermoregulation, it may
be beneficial to investigate the relationship between perception of comfort and thermal responses when
wearing compression garments idgrexercise.

This studyhad two aims: 1) texaminethe effect ofwearingmadeto-measure compression

garments, with different pressure profiles,leg skin temperature before and afexercise; ad 2) to
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examine the perception of comfort when wearmgdeto-measure compression garmentgth

different pressure profiles, before and after exercise

8.3 Methodology

8.3.1 Participants

Ten, healthy males (age 23.5 + 2.8 years, stature 181.9 + 4.8 cm, body mass 76.2 + 5.3 kg)
volunteered and provideidformed consento participate in the studyAll participants completed a
health screen questionnaibefore involvement in the study, tasure they had no medical or other
conditions that would have prevented them from taking Participants were instructed to refrain from
strenuous exercise and alcohol consumption 24 hours prior to the experimental trials and to avoid
caffeine consumpin on theday of an experimental trial, whilst attending the laboratory at least 3 hours
postprandial. Participants were also asked to limit their exposure to UV radiation, to refrain from the
application of body lotions and creams, and to anwédsage,lectrotherapy, ultrasound, cryotherapy
and excessive heat or cold exposure prior to trigie study was approved by a University Ethics
Committee, (Nottingham Trent University Ethical Committee Application for Human Biological

Investigation reference nuyar: 560).

8.3.2 Experimental Design

Participants visited the laboratory on five occasions. The first visit was a familiarisation trial,
which consisted of a baseline thidienensional (3D) scan that was used to support the manufacture of
the madeto-measure compression garments for eachqgyaaint. Also, participants were familiarised
with the infrared thermal imaging procedures and comfort questionriimally, participants
performed a familiarisation of the 3finute run to determine a comfortable running speed for the
subsequent experental trials. For the experimental trials, participants performed thmid@e run
wearing maddo-measure compression garments which elicited different pressure profiles, defined as
the peakpressure and pressure gradient from the distal to the progimdadf both legs. The order of
the compression garments was randomised, and participants were blinded to the garment conditions.

An experimental trial waperformedas follows: participants dressed into the compression garment and

189



the pressure profile ohé garment was measured both legsthis assessment also served as a room

temperature acclimation period (~&@n) prior to thermal imagingFollowing the pressure profile

assessment, participants completed the conqodstionnaire andaselinethermal images were

recorded. Participants then performedmifute warmup run and after the warop, thermal images

were recordedor a second timeThe 30minute run was then performed, rating of perceived exertion

(RPE) and thermal sensation was recordechdutie run. Following the run, the comfort questionnaire

was completed, and thermal images were recoldgaerimental trials were separated by a minimum

of 48 hours. Participants were instructed to wear the same footwear for each trial and perfor@ed the 3

minute run toplessTrials were performed at the same time of day and in similar environmental

conditions; 20.5 + 0.8°C and 36.7 + 5.3% relative humidity.

Pressure Profile
Assessment &
Acclimation Period

Baseline Comfort
Questionnaire

Baseline
Thermal Images

Warm-up
Run

Post Warm-up
Thermal Images

Running
Protocol

Post Run Comfort
Questionnaire

PostRun
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Figure 8.1. Schematic of the study protocols including theclimation period, pressure profile
assessment, comfort questionnaire, thermal imaging, warmn and 36ninuterun.

*  RPE 6 x5 min
* TS6x5min

. .
o —

P i

e s}

zmseee

i ———

} - _—

8.3.3 Compression Garments and 3D Scan
A detailed description of thértec Eva3D scannerscanning procedurand compression

garmentss provided in th&seneralMethodlogy (Section 3.5.@&ndSection 3.5.)

Briefly, this study used madm-measure, full leg compression tights (Kurio 3D Compression
Ltd, Nottingham, UK) which werétted from the malleolus to the iliac cresin Artec Eva 3D scanner
(Artec Group, Luxembourg, Luxembourg) was useckjoture a lowebody 3D scan performeturing
the familiarisation trial and uselly the companyto support the manufacture of the compression
garmentsFor each trial, the compression garment used elicited a different pressure phafirade
to-measure compression garment conditions wereofjrol garment, which was designed to elicit

pressuréoelow clinical standards (< 14 mmHg); fayph gradiengarment which was designed to elicit
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pressure within clinical standards (1435 mmHg) and to include ateeppressure gradient; 3)
asymmetricabarment which was designed to elicit control garmendtitioms in the left leg antigh

gradient garment conditions the right leg; and 4) medium gradient garment which was designed to
elicit pressure within clinical standards (1485 mmHg) and to include shallowerpressure gradient

than the high gradierdarment. Peak pressure of the compression garments used in this study was
located at the ankle and the pressure classifications corresponded to UK clinical compression standards

(BS-6612; 1985)Class one (14 17 mmHg), two (18 24 mmHg) and three (2535 mmHg)

8.3.4 Pressure Profile Assessment
A detailed description ofhe pressure monitoring device and the measurement procedure is

provided in theGeneral Methodolog{Section 3.2).

Briefly, the pressure profiles of the compression garments assessed using a Kikuhime
pressuremonitoring device (MediGroup, Melbourne, Australia). Pressure elicited by the garments was
measured at multiple sites on the riite of the posteriosurfaceof each leg. Thdocation of the
pressure sensor measuremetgsswas acquired simultaneously with pressure measurements using a
thireenc amer a 3D motion capture system (Qualisys AB,
reflective markers were applied to tlegs using biadhesive tape, tepresent the lim of the leg. Four
markers were placed on each leg at the following landmarks: 1) the lateral malleolus (ankle); 2) the
lateral femoral condyle (knee); 3) the greater trochanter; and 4) the iliacldrestnatomical marker
locations and marker placemevds performed by a trained anthropometrist (ISAK levellhesensor
of the pressurenonitoring device was placed between the garment and skin interface starting from 5
cm proximal to the ankle malleolus and pulled up the posterior of legcim approxinately 5 cm
increments. To obtain a precise location for the pressure measurements, a reflective wand marker was
briefly placed on the pressure measurement site before rebdipgessurélhe modelled peak pressure
at the ankle and pressure gradientasfrecompression garment for the left and right begslisplayed
in Table 81 and Table 8.2respectively. Scatter plots of the pooled pressure profile data for each

garment are presentedAppendix 7.
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Table 81. Peak pressure located at the arklthe control asymmetricglhigh gradientandmedium
gradientcompression garments, measured on the posterior left and right legs (nmstandard
deviation.

Control Asymmetrical High Gradient Medium Gradient
Left Leg 13.5%2.3 12,7425 27.7£2.2 25.8+2.4
(mmHg)
Right Leg 12.9+2.6 26.3+ 3.4 27.5+1.6 26.3+3.5
(mmHg)

Table 82. Pressure gradient from the ankle to the gluteal fold in the control, asymmetrical, high
gradient andmedium gradientompression garments, measupgdthe posteriorleft and right legs
(mean #standard deviatign

Control Asymmetrical High Gradient Medium Gradient
Left Leg 8.9:35 7539 25.0+4.1 -18.1+5.0
(mmHg)
Right Leg -7.4+3.0 -21.9+3.2 -22.3+3.6 -16.6£4.9
(mmHg)

8.3.5 Skin Temperature and Thermal Imaging
The measurement of skin temperature in this study was identical to @tauter7. A detailed
description of measuring skin temperature usirigaredthermal imaging is provided in th@eneral

Methodlogy (Section 3.5.8

Briefly, skin temperature was measured using a FLIR T1020 infrared thermal imaging camera
(FLIR Systems Inc., Wilgwville, Oregon, USA). Thermograms of the anterior and posterior, upper and
lower leg segments were captured on three occasions: 1) baseline; 2) post warm up; and 3) post 30
minute run. Prior to thermal imaging, 1 xcth thermally inert tape markers werag#d at six specific
locations on the anterior and posterior of the left and right legs and marked with indelible ink and were
used to standardise regions of interest for temperature extraction and analysis. The locations were: (A)
5 cm proximal from the entre of the ankle malleolus (anterior); (B) the most proximal aspect of the
patella (anterior); (C) parallel to the gluteal fold (anterior); (@b proximal from the centre of the
ankle malleolus (posterior); (E) parallel to the most proximal aspdbieqgbatella (posterior); (F) on
the gluteal fold (posterior). For each thermogram, participants stood with their legs shoulder width apart

with relaxed musculature and their arms crossed over their chest. Prior to thermal imaging, objective
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parameters ofeflective temperature, emissivity, ambient temperature and humidity were input into
thermal camara settings (ISO, 2008)emperature data was extracted from each leg segment region of
interestusing a written MATLAB program (MathWorks Inc., MA, USA). Therogramdigitised the

tape reference marker positions to subsequently determinegtua of interesfor the anterior and
posterior, upper and lower, left and right légesults from the sensitivity analysis performe@lapter

7 suggested that 4% of pixels from the region of interest border (defitteztasler temperature which
surrounds an imaged object) should be removed, and this guideline was used in this study and
standardised for all thermograms. A border removal & fean 4% would likely include the cooler
border which was shown to reduce mean temperatuthapter 7. A border removal of greater than
4% may exclude required temperature data. For segimentegion of interestall the area between

the mostdistal and proximal reference markers (100%) was used for temperature extraggare(

8.2).

Figure 8.2. Examples of theegions of intereafised for extracting temperature data, which are defined

by 100% of the area between the distal and proximal reference tape markers with a 4% border removal.
Theregions of interesivere located over the lower posterior legs (A), upper posterior legk(B;

anterior legs (C) and upper anterior legs (D).
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8.3.6 Running Protocol

Participantperformed a 3@ninute run on an instrumented treadrdMTI, Watertown, MA,
USA). Participants were instructed to run at aseé | ect ed &6 c o mbpeadtwhbh ed6 r u
corresponded withreRPEOf 11 or 12, an intensity | ess than 7
running speed was determined during the familiarisation trial and once the participant selected their
running speed, it remained identical floe remaining experimentalals. The running speed during the

study was 2.8 0.3 m/s (meani standard deviatign

8.3.7 Rating of Perceived Exertion and Thermal Sensation

Rating ofperceivedexertionwas recorded using a visual scé@gno exertiohto 20 [maximal
exertior]) (Borg, 1982) Thermal sensatioof the lower body was recordesing a visual scale (0
[unbearably cold}o 8 [unbearably hot]) Rating of perceivedexertion and thermal sensatiowere
recorded at rest and at six, fim@inute intervals during the afinute run.The scales were positiothe

in the view of theparticipantand theyerbally stated their RPE atigermal sensation.

8.3.8 Comfort Questionnaire

A comfort questionnaire was used to examine pa
variables:material comfort, left leggeneral comfort, right leg general comfort, left leg compression
comfort, right leg compression comfort, temperaiwwenfort and breathabilitcomfort The comfort
guestionnaire consisted of seyd® cm visual analogue scales which corresponded to eacfort
variable.The visual analogue scales were adapted WMdmdemannand colleague@002) The phrase
iModncomfortable | magtithmebll edtwaendl anat d&dlo st Com
locatedat the right end of each scdleppendix 8). Material, temperature, and breathabiitymfort
variables were asssed for the whole garment (both legs). General comfort and compression comfort
were assessed for the left and right legs separately to investigate whether participants perceived
differencesbetween legsn the asymmetricalgarment. Investigators gave baf instructions that
described each comfort variable to ensure participants understood each visual asedbguén
addition, written cues were also included on each visual analogue scale. This style ainatagle

scale has been previously use@dssess compression garment comfort varighlesasCuevas et al.,
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2015) Participants completed the comfort questionnaire whilst wearing the comprgasioents pre

and post the 3fninute run. The participants were instructed to draw a vertical lineaoh visual
analogue scale to indicate their perception of comfort for eantfort variable. The sameomfort
guestionnaire was used at pre and post theniddte run.Participants completed the comfort
guestionnaire with blue ink pir@in and with red ik post the 3@minute run to distinguish between the
times. Each vertical line was measured in centimetres using a ruler from left to right on each visual
analogue scalghus, a larger value caspondedvith a superior comfort. Each measured value was

sutsequently used fahe data analysis.

8.3.9 Statistical Analysis

All statistical analysis was performed using SPSS statistical software (SPSS Statistics IBM,
Version 26). A tweway repeated measured ANOVA (time*condition) was used to examine for mean
andmaximum skin temperature differences for the anterior and posterior leg segments of the left and
right legs, between the four compression garment conditions. Avewaepeated measures ANOVA
(time*condition) was used to examine differences for comfoiiabbes, RPE and thermal sensation
between the four compression garmeanditionsM a u ¢ htéstoBphericity was applied to ascertain
homogeneity of variance amongst the four compression garment conditions. Where the assumption of
sphericity was violat#, theGreenhousé&eissercorrection was applied. Significant differences were
further analysed using Bonferroni postoc test. A significance level & < 0.05 was applied
throughout. Effect sizes were calculatedpastial eta squaredi(f) and interpreted as 0.01 = small,

0.06 = medium and 0.14 = lar¢@ohen, 1988)

8.4 Results
Pixel Contribution of Leg Segments for Thermograms
The number of pixels as a percentage of the full thermogram resolutiar represented the
legs on each thermogram was gambetween compression garment conditions at baseline, post warm
up and post run. At baseline, the percentage of pixels which represented temperature data of the legs

relative to the total number of pixels of the thermogram ranged betwé@e®®8, 59 60%, 72- 76%
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and 7371 78% for the lower anterior, lower posterior, upper anterior and upper posterior legs
respectively, for all four compression garmeanditions(Table 8.3.

Table 83. Displays the percentage pixels at baseline that represent the legs relative to the total
number of pixels on a thermogram for the lower anterior, lower postapper anterior and upper
posterior leg segment thermograms in all four compression gamoeditions (nean * standard
deviation).

Control ~ Asymmetrical Ggldgignt ('\3/' r?:l?jlil:errrllt
Lower Anterior (%) 58+3 50+2 60+4 50+5
Lower Posterior (%) 50+3 60+4 59+4 60+ 3
Upper Anterior (%) 7217 73+8 764 769
Upper Posterior (%) 769 73+8 78 £ 10 73+8

At post warmup, the percentage of pixels which represented temperature data of the legs
relative to the total number of pixels of the thermogram ranged betwéeb83%, 58/ 60%, 73- 75%
and 751 78% for the lower anterior, lower posterior, upper anterior and upper posterior legs

respectively, for all four compression garment conditi@rable 8.4).

Table 84. Displays the percentage of pixels at post waprthat represent the legs relative to the total
number of pixels on a thermogram for the lower anterior, lower posterior, upper anterior and upper
posterior leg segment thermograms in all foompression gamnent conditions riean + standard
deviation.

Control ~ Asymmetrical GrHaIdgiZn t grzoclllilgr?t
Lower Anterior (%) 58+3 57+5 57+5 58+3
Lower Posterior (%) 58+3 60+3 60+ 3 60+3
Upper Anterior (%) 759 7316 7510 739
Upper Posterior (%) 7519 75+6 78+9 76+8

At post run, the percentage of pixels which represented temperature data of the legs relative to
the total number of pixels of the thermogram ranged betwe@&rb6%, 571 58%, 70- 73% and 71
73% for the lower anterior, lower posterior, upper antemaor @per posterior legs respectively, for all

four compression garment conditioigble 8.5.
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Table 85. Displays the percentage of pixels at past that represent the legs relative to the total
number of pixels on a thermogram for the lower anterior, lower posterior, upper anterior and upper
posterior leg segment thermograms in all four compression garment conditieas ¢ standard
deviation).

Control ~ Asymmetrical Ggldggnt (I\S/Irzctjjlilgr?t
Lower Anterior (%) 52+3 56+5 55+3 55+4
Lower Posterior (%) 57+3 58+5 58+3 58+2
Upper Anterior (%) 707 72+8 737 737
Upper Posterior (%) 739 727 738 71+6

Maximum Temperature
Lower Anterior Legs

With respect to maximum skin temperature of the lower anterior left leg, there was no effect of
condition (3, 27) = .119P = 0.948,d p= .013]. There was a time effed¥(R, 18) = 25.207P =
0.001,d p=.737]. Pairwise comparisons showed that maximum skin temperature was higher at post
run compared to baseline and post wanmn( = 0.001 and® = 0.001, respectively). There was no
interaction effectf(6, 54) = 2.126P = 0.065,d = .191] Figure 8.3.

With respect to maximum skin temperature of the lower anterior right leg, there was no effect
of condition (3, 27) = .218P = 0.883,d p= .024]. There was a time effed(R, 18) = 26.164P =
0.001,d p= .744]. Pairwise comparisons showed that marinskin temperature was higher at post
run compared to baseline and post wanmn(P = 0.001 and® = 0.001, respectively). There was no
interaction effectf(6, 54) = 2.150P = 0.062,d p= .193] Figure 8.3).

Upper Anterior Legs

With respect to maximunks temperature of the upper anterior left leg, there was no effect of
condition F(3, 27) = .839P = 0.484,d p= .085]. There was a time effed(R, 18) = 10.365P =
0.001,d p= .535]. Pairwise comparisons showed that maximum skin temperature was higher at post
run compared to baseline and post wanmn( = 0.018 and® = 0.003, respectively). There was no
interaction effectf(6, 54) = .738P = 0.621,d p=.076] Figure 8.3.

With respect to maximum skin temperature of the upper anterior right leg, there was no effect

of condition F(3, 27) = .772P = 0.520,4 E)z .079]. There was a time effec¢i(p, 18) = 11.311P =
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0.001,d p= .557]. Pairwise comparisons showed that marinskin temperature was higher at post

run compared to baseline and post wanmn(P = 0.002 and® = 0.007, respectively). There was no

interaction effectf(6, 54) = 1.243P = 0.299,d p=.121] Figure 8.3).

Temperature (°C)

Temperature (°C)
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Figure 8.3. Maximum skin temperature for the lower anterior left (A) and right (B) legs and for the
upper anterior left (C) and right (D) legs at baseline, post warrand post the 3finute run in the
control, asymmetrical, high gradient and medium gradient gare@mditions (mean + standard
deviation). * significant time effect compared to baseline, # significant time effect compared to post
warmup (P < 0.05).

Lower Posterior Legs

With respect to maximum skin temperature of the lower posterior left leg, theneoretfect

of condition (3, 27) = .462P = 0.711,d p= .049]. There was a time effed(R, 18) = 22.241P =

0.001,d p= .712]. Pairwise comparisons showed that maximum skin temperature was higher at post

run compared to baseline and post wanmP = 0.002 and® = 0.009, respectively) and was higher at
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post warmup compared to baselinB € 0.007). There was no interaction effdefd, 54) = .440P =
0.849,d p=.046] Figure 84).

With respect to maximum skin temperature of the lower postégior leg, there was no effect
of condition (3, 27) = .844P = 0.482,d p= .086]. There was a time effed(R, 18) = 19.135P =
0.001,d p= .680]. Pairwise comparisons showed that maximum skin temperature was higher at post
run compared tbaseline and post warap (P = 0.003 and® = 0.011, respectively) and was higher at
post warmup compared to baselinB € 0.015). There was no interaction effdefd, 54) = .744P =

0.616,d p=.076] Figure 84).

Upper Posterior Legs

With respect to rmaximum skin temperature of the upper posterior left leg, there was no effect
of condition (3, 27) = .909P = 0.450,d p= .092]. There was a time effed¥(R, 18) = 10.365P =
0.001,d p= .535]. Pairwise comparisons showed that maximum skin tempenag higher at post
run compared to baseline and post wanmn(P = 0.004 and® = 0.002, respectively). There was no
interaction effectf(6, 54) = .888P = 0.510,d p=.090] Figure 84).

With respect to maximum skin temperature of the uppsterior right leg, there was no effect
of condition F(3, 27) = 2.397P = 0.090,d p= .210]. There was a time effe@(R, 18) = 16.041P =
0.001,d p= .641]. Pairwise comparisons showed that maxinsiin temperature was higher at post
run compareda baseline and post warap (P = 0.008 and® = 0.001, respectively) and was higher at
post warmup compared to baselinB € 0.015). There was no interaction effdefd, 54) = .925P =

0.484,d p=.093](Figure 84).
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Figure 84. Maximum skin temperature for the lower posterior left (A) and right (B) legs and for the
upper posterior left (C) and right (D) legs at baseline, post vagrand post the 3fhinute run in the
control, asymmetrical, high gremht and medium gradiergarment conditionsnfean * standard
deviation. * significant time effect compared to baseline, # significant time effect compared to post
warm-up (P < 0.05).

Mean Temperature
Lower Anterior Leg

With respect to mean skin tempenag of the lower anterior left leg, there was no effect of
condition (3, 27) = .475P = 0.702,d p= .050]. There was a time effed¥(R, 18) = 33.355P =
0.001,d p= .788]. Pairwise comparisons showed that mean skin temperature was highemran post
compared to baseline and post warm (P = 0.001 andP = 0.001, respectively). There was no

interaction effectf(6, 54) = 1.170P = 0.336,d p= .115] Figure 85).
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With respect to mean skin temperature of the lower anterior right leg, there wtsatme
condition (3, 27) = .342P = 0.687,d p= .052]. There was a time effed¥(R, 18) = 32.509P =
0.001,d p=.783]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.001and P = 0.001, respectively). There was no

interaction effectf(6, 54) = 1.357P = 0.249,d p= .131] Figure 85).

Upper Anterior Leg

With respect to mean skin temperature of the upper anterior left leg, there was no effect of
condition (3, 27) = .497P = 0.702,d p= .050]. There was a time effed¥(R, 18) = 78.552P =
0.001,d p= .897]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.001 andP = 0.001, respectively). There was no
interaction effectf(6, 54) = .706P = 0.646,d p=.073] Figure 85).

With respect to mean skin temperature of the upper anterior right leg, there was no effect of
condition (3, 27) = .950P = 0.431,d p= .095] There was a time effecF(2, 18) = 68.205P =
0.001,d p= .883]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.001 andP = 0.001, respectively). There was no

interaction effet [F(6, 54) = .883P = 0.514,d p= .089] Figure 85).
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Figure 85. Mean skin temperature for the lower anterior left (A) and right (B) legs and for the upper
anterior left (C) and right (D) legs at baseline, post wamand post the 3finute run in theontrol,
asymmetrical, high gradient and medium gradgarment onditions (nean + standard deviatiprt
significant time effect compared to baseline, # significant time effect compared to postp/@rra

0.05).

Lower Posterior Leg

With respect to mean skin temperature of the lower posterior left leg, there wlsatmk
condition (3, 27) = .890P = 0.459,d p= .090]. There was a time effed¥(R, 18) = 23.671P =
0.001,d p= .725]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.002and P = 0.001, respectively). There was no
interaction effectf(6, 54) = .74 = 0.618,d p= .076] Figure 8.6).

With respect to mean temperature of the lower posterior hgghtthere was no effect of

condition (3, 27) = .537P = 0.661,d p= .056]. There was a time effed¥(R, 18) = 24.501P =
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0.001,d p=.731]. Pairwise comparisons showed timaan skirtemperature was higher at post run
compared to baseline and pasarmup (P = 0.001 andP = 0.001, respectively). There was no

interaction effectf(6, 54) = .737P = 0.622,d p= .076](Figure 8.6).

UpperPosterior Leg

With respect to mean skin temperature of the upper posterior left leg, there was no effect of
condition (3, 27) = .406P = 0.750,d p= .043]. There was a time effed¥(R, 18) = 46.596P =
0.001,d p= .838]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.001 andP = 0.001, respectively). There was no
interaction effectf(6, 54) = .69 = 0.653,d p=.072] Figure 8.6).

With respect to mean temperature of the upper posterior right leg, there was no effect of
condition (3, 27) = .548P = 0.654,d p= .057]. There s a time effectH(2, 18) = 42.592P =
0.001,d p= .826]. Pairwise comparisons showed that mean skin temperature was higher at post run
compared to baseline and post warm (P = 0.001 andP = 0.001, respectively). There was no

interaction effectf(6, 54) = .991P = 0.441,d p= .099](Figure 8.6).
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Figure 8.6. Mean skin temperature for the lower posterior left (A) and right (B) legs and for the upper
posterior I€t (C) and right (D) legs at baseline, post waupand post the 3finute run in theontrol,
asymmetrical, high gradient and medium gradgarment conditionsnfean + standard deviatiprt
significant time effect compared to baseline, # significane téfiect compared to post waip (P <

0.05).

Comfort Questionnaire

Material Comfort

With respect tanaterial comfort, there was an effect of condifiB(8, 27) = 4.729P = 0.009,
d p= .344]. Pairwise comparisons showed that material comfortloveer in the medium gradient
garment condition compared to the control garment condiBon @.016). A time effect was evident
when baseline and post run timepoints were compd&@d 9) = 7.365P = 0.024,d p= .450]. There

was no interaction effecF(3, 27) = 0.996P = 0.383,d p= .100] Figure 8.7).
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Figure 8.7. Material comfort in the&ontrol, asymmetrical, high gradient and medium gradianhent
conditions at baseline and post run (mean + standard devidlienyost uncomfortable imaginable,
and 15 = most comfortable imaginabiesignificant condition effect compared to the control garment
condition P < 0.05).

General Comfort Left Leg

With respect to general comfort of the left leg, there was an effect of condi{idnd7) =
13.879,P = 0.001d p= .607] . Pairwise comparisons showed that general comfort was lower in the
medium gradient garment condition compared to the control gnthastrical garment conditions (both
P = 0.004). A time effect was evident when baseline and post run timepoints were confg@dred). [
=8.859,P=0.016, p= .496]. There was no interaction effe€(3, 27) = 0.431P = 0.733,d p= .046]
(Figure 8.8).
General Comfort Right Leg

With respect to general comfort of the right leg, there was an effect of condi{@n2[7) =
11.501,P = 0.001,d p= .561]. Pairwise comparisons showed that general comfort was lower in the
medium gradient garment conditioarapared to the control and asymmetrical garment condit®ns (
=0.005 and 0.029, respectively). A time effect was evident when baseline and post run timepoints were
comparedff(1, 9) = 7.376P = 0.024,d p= .450]. Theravas no interaction effecE[3, 27) = 0.555P

=0.649,d p= .058](Figure 8.8).
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Figure 8.8. General comfort for the left (A) and right (B) legs thethe control, asymmetrical, high

gradient and medium gradiegdrment conditions at baseline and past(mean + standard deviatipn

0 = most uncomfortable imaginable, and 15 = most comfortable imagirfasignificant condition

effect compared to the control gar ment condi ti ¢
asymmetrical garmemondition, P < 0.05).

Compesson Comfort Left Leg

With respect tawompressiorromfort of the left legthere was an effect of conditioR(fL.830,
16.466) = 4.704P = 0.027,d p= .343]. However, pairwise comparisons showed no significant
differences btween conditions, with the largest difference occurring between the control and medium
gradient garment conditions (mean difference =BA0.171). There was no time effect when baseline
and post run timepoints were compargl] 9) = 0.883P = 0.372,d p=.089]. There was no interaction
effect [F(3, 27) = 2.608P = 0.072,d p= .225] Figure 8.9).
CompressiorComfort Right Leg

With respect t@ompressiorromfort of the right leg, there was an effect of conditief8] 27)
= 4.439,P = 0.012,d p= .330]. However, pairwiseomparisons showed no significant differences
between conditions, with the largest difference occurring between the control and medium gradient

garment conditions (mean difference = 295 0.171) There was no time effect when baseline and
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post run timepoints were compardg({, 9) = 0.217P = 0.652,d p=.024]. There was no interaction

effect [F(3,27) = 2.491P = 0.082,d p= .217](Figure 89).
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Figure 8.9. Compression comfoifor the left (A) and right (B) legs thia the control asymmetrical
high gradient and medium gradiegarment conditions at baseline and post mean + standard
deviation, 0 = most uncomfortable imaginable, and 15 = most comfortable imaginable
Temperature Comfort

With respect to temperature comfort, there was an effect of condi{Bn27) = 4.372P =
0.012, d p= .327]. However, pairwise comparisons showed significant differences between
conditions with the largest difference occurring betweenctirgrol and medium gradient garment
conditions (mean difference = 2B,= 0.066). A time effect was evident when baseline and post run
timepoints were compardé(1, 9) = 30.297P = 0.001,d p= .771]. There was no interaction effect

[F(3, 27) = 0.058P = 0.981,d p= .006](Figure 8.10).
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Figure 8.10. Temperature comfort in theontrol, asymmetrical, high gradient and medium gradient
garment conditions at baseline and post mmegn + standard deviatiprD = most uncomfortable
imaginable, and 15 = most comfortable imaginable

Breathability Comfort

With respect to breathahili comfort, there was no effect of conditidf(3, 27) = 3.064P =
0.083,d p=.254].A time effect was evident when baseline gt run timepoints were compared
[F(1, 9) =19.399,P = 0.002,d p= .683]. There was no interaction effeE(3, 27) = 1.255P = 0.310,

d p= .122](Figure 8.11).
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Figure 8.11 Breathability comfortin the control asymmetricalhigh gradientand medium gradient

garmentconditions at baseline and post run (meastandard deviation0 = most uncomfortable
imaginable, and 15 = most comfortable imaginable

Compression and General Comfort (Asymmetrical Garment)

There was no difference of perceived genemahfort between the left and right legs in the
asymmetricajarment conditiomat baselingt (9) = 0.812P = 0.438) and afost run (t (9) = 0.58%
= 0.573)(Figure 8.12). There was no difference of perceivampressiorwomfort between the left and
right legs in theasymmetricaarment conditiomt baselingt (9) = 0.090P = 0.930)and afpostatrun

(t(9) =-0.274,P = 0.791)(Figure 8.13).
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Figure 8.12. Individual participant data for perceived general comfort irefy@anmetricaarment for
the left (A) and right (B) legs at baseline and at posm@tute run. The black data point and dashed
line represents the group mean.
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Figure 8.13. Individual participant data foperceived compressiocomfort in theasymmetrical
garment for the leftA) and right(B) legs at baseline arat post 36minute run. Thevlack datapoint
and dashed linepresents the group mean.

Rating of Peceived Exertion

With respect to RPE, there was no effect of condition [F(3,27)=1874,0. 158, dp2 =
A time effect was evident as participants RPE increased from baseline to post run [F(6, 54) = 104.394,
P= 0.001, dp2 = nt9aztbr effectTH{18,r1&2) ~MaddB=n® . 268, dqp2 =
(Table 8.6.
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Table 86. RPE in the control, asymmetrical, high gradient and medium gradient garment conditions at
rest, 5, 10, 15, 20, 25 and 30 min duringrime (mean + standard deviation).

Control Asymmetrical High Gradient  Medium Gradient
Rest 6+0 6+0 6+0 6+0
5 min 9.6+14 9.6+15 94+14 94+15
10 min 10.3+£1.2 103+1.1 10314 10.1+1.2
15 min 11.3+0.7 10.6 £ 0.7 11.0+11 11.0+0.8
20 min 11.8+0.9 11.1+0.9 11.2+0.9 11.3+0.7
25 min 11.9+0.7 114+1.0 11.7+£0.9 11.7+£0.7
30 min 11.9+0.9 11.7+1.2 12.0+1.2 11.9+0.7

Thermal Sensation
With respect to thermal sensation, there was no efferafition F(3, 27) = .311P = 0.818,
d p= .033].A time effect was evident as participattisrmal sensation increased from baseline to post
run[F(6, 54) = 89.706 P = 0.00L, d p= .909. There was no interaction effed(L8, 162 = 1427, P
= 0125 d p=.137] (Table 8.7).

Table 8.7. Thermal Sensatiomm thecontrol asymmetricalhigh gradienandmedium gradiengarment
conditions atest, 5, 10, 15, 20, 25 and 30 min during the(mean tstandard deviatign

Control Asymmetrical High Gradient Medium Gradient

Rest 3.8+0.7 3.7+£0.5 3.9+0.3 3.6+0.6

5 min 45+0.6 4.4 +0.5 4.6+0.5 41+0.6
10 min 51+0.6 49+0.3 5.0+0.3 5.0+0.7
15 min 5.6+0.6 5405 55+0.6 55+0.6
20 min 59+0.8 5.7+0.5 5.6+0.6 5805
25 min 6.0+0.8 5.8+0.6 59105 6.1+0.5
30 min 6.0+0.8 59+0.6 6.0+ 0.6 6.2+0.5

8.5 Discussion and Conclusion

This studyaimedto examinethe effect ofwearingmadeto-measure compression garments,
with different pressure profiles, on thermal responses and comfort perception before and after exercise
The key findings of this study wethat skin temperature and perceived thermal sensation were not

affected by the variable pressure profiles elicited by the four different-toadeasure compression
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garments, before and after submaximal running exercise. Also, the results demonstrtie that
compression garment that elicited a high peak pressurettandhallowest pressure gradient
significantly reduced the participants perception of material comfort and general comfort.

In the current study, maximum and mean skin temperature of alidegents were not different
when the four compression garment conditions were compa@adand cokbagues (2011fpund no
differences in skin temperature, measured using skin thermistors, over the pectoralis major, biceps
brachii, rectus femoris arghstrocnemius between control (running shorts) and compression garment
conditions during rest, submaximal running, maximal running and post run, at 32°C. Conversely, skin
temperatures over the rectus femoris and gastrocnemius were higher in the compassant
condition than the control condition, at 10°C, which was likely due to the insulative properties of the
compression garment in colder temperatures. Barwood and colleagues (2013) measured skin
temperature, using skin thermistors, at eight anatdnsitas on the body during a -IBinute
submaximal run and during a 5 km time trial, at 35°C. Their study found that there were no differences
in skin temperature, for seven of the examined locations, between control (loose shorts), sham garment
(oversizedcompression garment) and correctly sized compression garment conditions. However,
during the time trial, quadriceps skin temperature was significantly higher in the sham garment and
correctly sized compression garment conditions than the control condittienlifference in quadriceps
temperature in the garment conditions was likely caused by a radiant heat load applied prior to exercise
and the quadriceps site was most exposed to the radiant heat. Furthermore, the authors suggested that
the black colouratin of the compression garments may have influenced the skin temperature during the
radiant heat load exposure. Participant thermal sensation was also not different between conditions. The
findings of the current study were consistent with the findingsapfvBod and colleagues (2013) as in
the current study no differences in maximum or mean skin temperataneyfof thdeg segmentsvas
observed between tlieur compression garment conditioAdso, thermal sensation was not different
between the four copnession garment conditions. However, given that the current study did not include
a O6no garmento6 trial it i s not possible to com

compression garments compared with their absence.
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